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Abstract	  
This	   thesis	   describes	   a	   new	   approach	   to	   the	   investigation	   of	   the	   contents	   of	  microfluidic	   droplets	   at	   the	   single	   molecule	   level.	   Glass	   nanopores	   with	  diameters	   below	   25	  nm,	   formed	   by	   pipette	   pulling,	   are	   inserted	   into	   a	  microfluidic	   channel	   with	   a	   height	   and	   width	   of	   100	  µm.	   Subsequently,	   a	  segmented	   flow	   of	   buffered	   KCl	   droplets	   in	   an	   FC-­‐40	   carrier	   oil	   is	   flowed	  through	  the	  device	  and	  analysed	  via	  changes	   in	   the	  measured	  electrical	  signal	  upon	  application	  of	  a	  voltage	  between	  the	  nanopipettes.	  Initially,	   the	   thesis	   focuses	   on	   the	   optimisation	   of	   droplet	   generation	   and	  pipette	   performance.	   A	   T-­‐junction	   geometry	   and	   a	   novel	   method	   of	   droplet	  generation	  using	  an	  integrated	  pipette	  are	  both	  trialled	  as	  methods	  for	  droplet	  production	   in	   the	   device.	   In	   addition,	   atomic	   layer	   deposition	   (ALD)	   is	  investigated	  as	  an	  approach	  to	  optimise	   the	  size	  of	   the	  glass	  nanopore	   for	   the	  detection	  of	  single	  molecules.	  Subsequently,	   droplets	   in	   the	   segmented	   flow	   are	   examined	   with	   the	   device.	  Optical	   studies	   are	  undertaken	   to	   study	   the	   viability	   of	   droplets	   in	   the	  device	  and	   the	   preservation	   of	   their	   ‘isolated	   microreactor’	   status.	   The	   length	   and	  frequency	  of	  droplets	  is	  then	  measured	  electrically	  and	  compared	  to	  an	  optical	  control,	   the	   excellent	   agreement	   between	   the	   two	   methods	   confirming	   the	  validity	  of	  the	  electrical	  approach.	  Attention	  then	  turns	  to	  the	  measurement	  of	  the	   bulk	   properties	   of	   the	   droplet	   with	   the	   determination	   of	   the	   KCl	  concentration	   within	   individual	   droplets.	   Finally,	   single	   molecules	   of	   10	  kbp	  double	   stranded	   DNA	   are	   translocated	   from	   within	   the	   droplet	   into	   the	  nanopipette,	   illustrating	   the	   device’s	   potential	   for	   the	   analysis	   of	   droplet	  contents	  and	  the	  control	  of	  their	  contents	  at	  the	  single	  molecule	  level.	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Chapter	  1	  
Introduction	  
1.1	  The	  Need	  for	  Single	  Molecule	  Detection	  
The	  ability	  to	  detect,	  analyse	  and	  monitor	  singles	  molecules	  in	  solution	  remains	  one	   of	   the	   key	   aims	   of	   analytical	   chemistry.	   Such	   studies	   enable	   the	  measurement	  of	   fundamental	  variations	   in	   individual	  molecules	  that	  are	  often	  considered	  identical	  when	  looking	  at	  a	  bulk,	  ensemble	  averaged,	  measurement.	  Ensemble	   averaging	   is	   problematic	   as	   it	   obscures	   small,	   but	   often	   significant,	  differences	  between	  subsets	  in	  a	  larger	  population.	  Thus,	  its	  removal,	  via	  single	  molecule	   techniques,	   is	   of	   great	   advantage	   in	   a	   wide	   range	   of	   experimental	  studies,	   such	   as	   the	   detection	   of	   point	   mutations,1	   protein	   folding,2	   cancer	  biomarkers3	  or	  exonuclease	  binding4	  to	  name	  but	  a	  few	  examples.	  With	  a	  large	  amount	  of	  nucleic	  acid	  information	  entering	  the	  public	  domain,	  due	  to	  the	  Human	  Genome	  Project	  and	  Venter,5	  the	  demand	  for	  the	  development	  of	  single	  molecule	  techniques	  for	  the	  analysis	  of	  DNA	  has	  increased	  greatly.	  These	  techniques	   have	   now	   developed	   to	   the	   stage	   where	   the	   early	   detection	   of	  medical	   conditions	   associated	   with	   small	   genetic	   changes	   is	   possible,	   for	  example	   via	   the	   detection	   of	   DNA	   methylation,6	   local	   protein	   structure	   on	   a	  DNA	  strand7	  or	  the	  presence	  of	  mutations	  in	  oncogenes.8	  Whilst	  much	  work	  has	  already	   been	   done	   to	   develop	   the	   single	   molecule	   manipulation	   and	   sensing	  techniques	  used	  in	  these	  technologies,	  further	  work	  is	  still	  required.	  
1.2	  Methods	  of	  Single	  Molecule	  Detection	  
Given	   the	  many	  benefits	  of	   single	  molecule	  detection	   (SMD)	   it	   is	  unsurprising	  that	   a	   huge	   range	   of	   methodologies	   have	   been	   developed	   for	   these	   studies.	  Atomic	   force	   microscopy	   (AFM),9	   scanning	   tunnelling	   microscopy	   (STM),10	  optical	   tweezers11	   and	   anti-­‐Brownian	   electokinetic	   traps12	   are	   all	   single	  molecule	  techniques	  currently	  of	  great	  interest,	  but	  fluorescent	  techniques	  are	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arguably	   the	   most	   popular.13–16	   The	   first	   successful	   optical	   observation	   of	  fluorescently	   tagged	   single	  molecules	   took	   place	   in	   1976,17	   after	  which	   rapid	  advances	   in	   ultra-­‐sensitive	   detection	   of	   fluorescent	   molecules	   in	   room	  temperature	   liquids	   have	   been	   made.	   Key	   advances	   include	   the	   repeated	  imaging	   of	   a	   single	   molecule	   at	   room	   temperature,18	   the	   tracking	   of	   a	   single	  fluorophore19	  and	  the	  measurement	  of	  the	  physical	  properties	  of	  an	  individual	  molecule.20	  Today,	  most	  single	  molecule	  fluorescence	  experiments	  are	  based	  on	  the	  use	  of	  a	  confocal	   microscope,	   resulting	   in	   the	   requirement	   that	   the	   working	  concentration	  of	  the	  analyte	  is	  less	  than	  5	  nM	  to	  ensure	  only	  a	  single	  molecule	  occupies	   the	   optical	   volume	   at	   any	   one	   time.21	   This	   can	   be	   problematic	   in	  biomolecular	  studies	  where	  dissociation	  constants	  are	  often	  in	  the	  micromolar	  range.	   To	   compensate	   for	   this	   limitation,	   techniques	   around	   plasmonic	  nanostructures	  and	  nanofluidic	  confinement	  have	  been	  developed,	  minimising	  detection	   volumes	   and	   allowing	   increased	   analyte	   concentrations,	   whilst	  preserving	  single	  molecule	  detection.22–25	  An	   alternative	   strategy	   for	   single	   molecule	   detection	   at	   these	   higher	  concentrations	  is	  an	  electrical	  approach,	  most	  commonly	  nanopore	  sensing.26–28	  Since	   the	   detection	   of	   individual	   polynucleotide	   molecules	   using	   a	   biological	  pore	   was	   published	   by	   Kasianowicz	   et	   al.	   in	   1996,29	   the	   field	   of	   nanopore	  sensing	  has	  been	  of	  great	  interest	  to	  the	  research	  community.	  Early	  developments	  after	  Kasianowicz’s	   initial	  publication	   included	   the	  ability	  to	  distinguish	  between	  different	  polynucleotide	  molecules,30,31	  vastly	  increasing	  the	   value	   of	   nanopore	   sensors	   as	   analytical	   devices.	   	   Other	   early	   advances	  focused	   on	   the	   pores	   themselves.	   The	   development	   of	   solid	   state,	   inorganic	  nanopores	   as	   first	   fabricated	   by	   Li	   et	   al.32	   in	   2001	   was	   the	   first	   stage	   in	  development	  of	  non-­‐biological	  nanopores,	  technology	  soon	  joined	  by	  nanopores	  fabricated	   in	   organic	   polymers.33	   Later	   advances	   frequently	   demonstrated	   a	  move	   beyond	   the	   simple	   detection	   of	  molecules,	   such	   as	   the	  measurement	   of	  DNA	   unzipping	   kinetics34	   or	   the	   detection	   of	   complexes.35	   More	   recently,	  attention	  has	  focused	  on	  improving	  the	  sensitivity	  of	  such	  devices,	  for	  example	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with	  graphene	  technology36,37	  or	  the	  controlled	  passage	  of	  the	  analyte	  through	  the	  pore,38	  and	  the	  characterisation	  of	  the	  environment	  in	  and	  around	  the	  pore	  itself.39,40	  As	   well	   as	   the	   ability	   to	   undertake	   single	   molecule	   experiments	   at	   higher	  analyte	   concentration	   compared	   to	   simple	   fluorescent	   techniques,	   other	   key	  advantages	  of	  nanopore	  technologies	  include	  the	  speed	  of	  data	  acquisition	  and	  the	  ability	   to	  carry	  out	   ‘label-­‐free’	  experiments.	  This	  absence	  of	  a	   label	  on	   the	  molecule	   being	   investigated	   is	   important,	   ensuring	   the	   molecular	   properties	  being	  measured	  are	  those	  of	  the	  molecule	  itself,	  not	  those	  of	  the	  label/molecule	  complex.	  In	  addition,	  artefacts	  arising	  from	  the	  labels	  such	  as	  photobleaching	  or	  quenching	  are	  completely	  eliminated.	  
1.3	  Nanopore	  Basics	  1.3.1	  The	  Operating	  Principles	  of	  a	  Nanopore	  
For	  an	  analytical	  tool	  of	  such	  power	  the	  operating	  principles	  of	  a	  nanopore	  are	  deceptively	   simple,	   relying	   on	   the	   ionic	   current	   blockade.	   By	   applying	   an	  electric	  field,	  single	  molecules	  are	  driven,	  or	  translocated,	  through	  a	  nanoscale	  aperture.	   This	   translocation	   process	   causes	   a	   detectible	   change	   in	   current,	  similar	  in	  principle	  to	  a	  Coulter	  counter,41	  as	  illustrated	  in	  Figure	  1.1.	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Figure	  1.1.	  	   A	  schematic	  showing	  the	  ionic	  current	  passing	  through	  a	  nanopore	  recorded	  as	  a	  function	   of	   time	   and	   the	   associated	   interpretation	   of	   the	   analyte	   translocation	  process.	  The	  steady	  state	   ionic	  current	  decreases	  as	  the	  analyte	  moves	  through	  the	  pore	  before	  being	   re-­‐established	  as	   the	  molecule	  exits.	  Adapted	   from	  Miles	  and	  Ivanov.42	  	  The	   observed	   change	   in	   the	   ionic	   current	   during	   the	   translocation	   process	   is	  dependent	  on	  several	  factors,	  including	  the	  molecule’s	  charge	  and	  shape	  as	  well	  as	   the	   ionic	   strength	   of	   the	   solution.	   Due	   to	   the	   dependence	   of	   the	   observed	  current	  drop	  on	  the	  properties	  of	  the	  molecule,	  this	  methodology	  can	  be	  used	  to	  quantify	  and	  classify	  single	  molecules	  amongst	  a	  larger	  population.43	  The	  idea	  of	  translocating	  single	  molecules,	  especially	  biopolymers	  such	  as	  DNA,	  through	   nanopores	   just	   a	   few	   nanometres	   in	   size	   initially	   appears	   a	   very	  difficult	   task.	   However,	   this	   form	   of	   biopolymer	   transport	   is	   well	   known	   in	  nature.	   Biological	   processes	   often	   rely	   on	   pores	   to	   regulate	   transport	   of	   such	  molecules	   through	   cell	   membranes,44	   examples	   including	   gene	   transfer45	   and	  the	   uptake	   of	   oglionucleotides	   by	   membrane	   proteins.46	   Biological	   pores	   are	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thus	   a	  natural	   choice	   for	   in	   vitro	   translocation	   experiments,	   though	   inorganic	  pores	  have	  also	  proved	  highly	  successful.	  1.3.2	  Biological	  Nanopores	  
Biological	  transmembrane	  proteins	  that	  self-­‐assemble	  into	  a	  lipid	  bilayer	  are	  an	  attractive	   option	   for	   use	   as	   nanopores.	   X-­‐ray	   crystallography	   can	   reveal	   their	  structure	   with	   Angstrom	   resolution,	   self-­‐assembly	   facilitates	   excellent	  reproducibility	   from	  one	  pore	   to	   the	  next	  and	  their	  properties	  can	  be	   tailored	  with	  protein	  engineering.	  Whilst	   a	   range	  of	  different	  pore	  proteins	  have	  been	  employed	  for	  translocation	  experiments,	  by	   far	  the	  most	  popular	  choice	   is	   the	  α-­‐hemolysin	   channel,	   first	   demonstrated	   in	   1996.29	   This	   bacterial	   protein	  features	  a	   transmembrane	  channel	  with	  a	  width	  of	  1.4	  nm	  and	  an	  asymmetric	  structure.47	  Its	  popularity	  as	  a	  nanopore	  stems	  from	  the	  fast	  passage	  of	  ions	  it	  allows	  and	  its	  ideal	  geometry	  for	  detecting	  the	  translocation	  of	  single	  stranded	  DNA	  (diameter	  of	  1.2	  nm).	  α-­‐hemolysin	  pores	  have	  been	  used	  successfully	  in	  a	  wide	  range	  of	  experiments	  including	   the	   simple	   translocation	   of	  DNA,29	   discriminating	   between	   different	  DNA	   and	   RNA	   sequences30	   and	   DNA	   unzipping	   kinetics.48	   In	   addition,	   the	  realisation	   that	   the	   dynamics	   of	   translocation	   is	   governed	   by	   its	   interactions	  with	  the	  nanopore	  walls49	  has	  been	  used	  for	  the	  detection	  of	  smaller	  molecules	  such	   as	   enantiomer	   drugs	   or	   metal	   cations	   by	   modifying	   the	   α-­‐hemolysin	  pore.50,51	  However,	  whilst	  α-­‐hemolysin	  is	  a	  versatile	  pore,	  the	  range	  of	  sensing	  applications	   for	  which	   it	   is	   suitable	   is	   limited	  by	   its	   fixed	  dimensions	   and	   the	  delicate	  lipid	  membrane.	  1.3.3	  Solid	  State	  Nanopores	  
Unlike	   biological	   nanopores,	   solid	   state	   pores,	   made	   of	   robust	   inorganic	   or	  polymer	   materials,	   have	   no	   such	   limitations	   on	   their	   geometry.52	   Solid	   state	  nanopores	  have	  other	  potential	   advantages	   in	   that	   they	   are	  mechanically	   and	  chemically	   stable,	   are	   easier	   to	   handle	   and	   offer	   a	   greater	   prospect	   of	  integration	   into	   devices	   due	   to	   the	   absence	   of	   the	   lipid	   bilayer	   required	   for	  biological	   pores.	   Solid	   state	   nanopore	   fabrication	   falls	   into	   three	   major	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categories:	   the	   drilling	   of	   pores	   into	   planar,	   usually	   silicon	   based	  materials,53	  the	   ion-­‐track	   etching	   method54	   and	   the	   preparation	   of	   glass	   pipettes	   with	   a	  glass	  nanopore	  at	  their	  tip.55	  1.3.3.1	  The	  Fabrication	  of	  Planar	  Nanopores	  
Of	  the	  three	  approaches,	  the	  use	  of	  pores	  drilled	  into	  silicon	  based	  materials	  is	  the	  most	   common.	   Here	   each	   nanopore	   ‘chip’	   consists	   of	   a	   thin,	   freestanding	  membrane	   fabricated	  on	  a	   support	   structure,	  most	   commonly	  made	  of	   silicon	  though	  quartz	  is	  increasing	  in	  popularity	  due	  to	  its	  superior	  noise	  properties.37	  The	   choice	   of	   membrane	   material	   is	   crucial	   to	   the	   nanopore	   device	   as	   its	  mechanical	  properties	  directly	  affect	  the	  ease	  of	  the	  fabrication	  process	  and	  its	  electrical	   properties	   the	   performance	   of	   the	   device	   whilst	   monitoring	  translocations.	   The	  most	   common	  membrane	  materials	   are	   low	   stress	   silicon	  nitride	  (SiNx),	  SiO2,56	  SiC,57	  Al2O358	  and	  graphene,59	  all	  of	  which	  allow	  the	  user	  to	  precisely	   control	   the	   size	   of	   the	   nanopore,	   depending	   upon	   the	   specific	  requirements	  of	  the	  application.	  Silicon	  based	  materials	  are	  a	  popular	  choice	  for	  the	  fabrication	  of	  nanopores	  as	  conventional	  semiconductor	  processing	  techniques	  allow	  for	  the	  rapid,	  parallel	  production	  of	  multiple	  chips.	  Of	  the	  potential	  materials,	  SiNx	  is	  most	  commonly	  used	   as	   the	  membrane	  material	   as,	   following	   deposition,	   it	   displays	   excellent	  electrical	   properties	   with	   a	   high	   resistivity	   and	   dielectric	   strength.	   Other	  benefits	  of	  SiNx	  include	  its	  chemical	  stability	  under	  a	  wide	  range	  of	  electrolyte	  concentrations,	   temperatures	   and	   pH	   values.	   More	   recently	   graphene	   has	  become	   of	   great	   interest	   as	   the	   membrane	   material	   due	   to	   the	   sensing	  possibilities	   envisaged	   from	   a	   nanopore	   with	   a	   length	   the	   order	   of	   a	   single	  atom.37,60,61	  In	  silicon	  based	  nanopores	  there	  are	  many	  approaches	  to	  obtaining	  a	  nanopore	  in	   the	  membrane	  material.	   The	  most	   common	   approaches	   include	   the	   use	   of	  focused	   ion	   beams	   (FIB)	   or	   high-­‐power	   electron	   beams.	   The	   first	   solid	   state	  pores	   successfully	   used	   for	   DNA	   analysis	   were	   produced	   using	   an	   ion	   beam	  technique	  by	  Li	  et	  al.32	   In	   this	   approach	  a	  bowl	   shaped	  cavity	  was	   created	  on	  one	  side	  of	  a	  membrane	  using	  reactive	  ion	  etching	  before	  an	  energetic	  beam	  of	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Ar+	   ions	   was	   used	   to	   sputter	   away	   the	   membrane	   on	   the	   reverse	   side.	   As	  material	  was	   removed	   from	   the	   nitride	   surface	   it	   eventually	   intersected	  with	  the	  bowl	  shaped	  cavity,	  forming	  a	  nanopore,	  detected	  by	  leakage	  of	  the	  Ar+	  ions	  through	   the	  membrane.	   Creating	   a	   molecular	   sized	   aperture	   requires	   careful	  control	  of	  the	  sputtering	  process,	  producing	  pores	  down	  to	  1.5	  nm	  in	  diameter.	  The	  surface	  wide	  sputtering	  approach	  used	  by	  Li	  et	  al.	  has	  since	  been	  refined	  to	  include	   the	   use	   of	   focused	   ion	   beams	   (FIB).	   Here	   any	   ion	  with	   the	   energy	   to	  sputter	  away	  material	  from	  the	  membrane	  surface	  can	  be	  used	  to	  drill	  the	  pore,	  with	  the	  most	  commonly	  seen	  ions	  being	  Ga+,	  He+,	  Ne+,	  Ar+,	  Kr+	  and	  Xe+.62	  The	  milling	   of	   pores	   in	   the	   sub-­‐5	  nm	   range	  was	   pioneered	   by	   Gierak	   et	   al.,	   using	  20	  nm	  SiC	  membranes.57	  Subsequent	  scanning	  of	  the	  area	  around	  the	  pore	  leads	  to	  a	  controlled	  shrinkage	  of	  the	  pore	  and	  its	  aperture	  becoming	  more	  circular,	  as	   seen	   in	   Figure	   1.2,	   increasing	   the	   user’s	   control	   over	   nanopore	  dimensions.63,64	  Further	  developments	  in	  this	  area	  have	  seen	  the	  popularity	  of	  milling	  with	  helium	  ions	  increase	  due	  to	  the	  potential	  for	  higher	  resolutions	  and	  the	  absence	  of	  ion	  implantation.65	  
	  
Figure	  1.2.	  	   Solid	   state	   nanopores	   formed	   with	   an	   FIB	   in	   SiNx.	   Diameter	   of	   the	   nanopore	  reduced	   by	   subsequent	   scanning	   of	   the	   ion	   beam	   across	   the	   pore	   and	   its	  surrounding	  area.63	  
	  An	  alternative	   to	   the	  use	  of	   ion	  beams	   in	  nanopore	  milling	   is	   the	  use	  of	  high-­‐energy	   electron	   beams,	   allowing	   the	   production	   of	   nanopores	   with	   single	  nanometre	   precision	   using	   a	   commercial	   transmission	   electron	   microscope	  (TEM).53	  In	  this	  nanopore	  drilling	  process	  a	  large,	  up	  to	  50	  nm,	  pore	  is	  created	  in	   an	   amorphous	   SiO2	   or	   SiNx	   layer	   that	   is	   systematically	   shrunk	   with	   the	  application	   of	   an	   electron	   beam.66	   Typical	   beam	   intensities	   for	   shrinkage	   are	  105-­‐107	  A	  m-­‐2,	  under	  such	  conditions	  pore	  shrinkage	   is	  seen	  at	  nanometre	  per	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minute	  rates,	  slow	  enough	  to	  allow	  complete	  control	  of	  pore	  diameter	  with	  the	  final	   diameter	   only	   limited	   by	   surface	   roughness	   of	   the	   membrane	   and	   the	  resolution	   of	   the	   microscope.	   The	   shrinkage	   of	   the	   nanopore	   under	   such	  conditions	  is	  driven	  by	  a	  reduction	  in	  surface	  energy,	  possible	  due	  to	  a	  viscous	  flow	  of	  the	  membrane	  material	  and	  illustrated	  in	  Figure	  1.3.67	  
	  
Figure	  1.3.	  	   A	  solid	  state	  nanopore,	  formed	  in	  SiO2,	  reduced	  in	  diameter	  under	  a	  continuous	  exposure	  to	  a	  highly	  focused	  electron	  beam.53	  
	  1.3.3.2	  Nanopipettes	  via	  Pipette	  Pulling	  
The	  most	   recently	  developed	  approach	   to	  producing	  a	   solid	   state	  nanopore	   is	  the	  nanopipette.	  Here	  capillaries	  are	  pulled	  into	  a	  pipette	  with	  the	  use	  of	  a	  laser	  pulling	  machine,	  forming	  a	  nanopore	  at	  the	  pipette	  tip.	  Whilst	  the	  laser	  pulling	  method	   is	   favoured	   due	   to	   its	   ease	   and	   efficiency,68	   nanometre	   precision	   is	  challenging	  due	  to	  inherent	  variations	  in	  the	  process	  and	  its	  sensitivity	  to	  small	  changes	  in	  room	  temperature	  and	  humidity.	  Nanopipettes	   are	   usually	   pulled	   from	   either	   borosilicate	   glass	   or	   quartz	  capillaries.	  Quartz	  is	  usually	  preferred	  for	  single	  molecule	  detection	  as	  the	  low	  melting	  temperature	  of	  borosilicate	  capillaries	  makes	  fabrication	  of	  sub	  100	  nm	  pores	   difficult.69	   In	   addition,	   quartz	   capillaries	   offer	   other	   advantages	   due	   to	  their	  strength,70	  low	  electrical	  noise71,72	  and	  lack	  of	  unwanted	  fluorescence.73	  A	  typical	  quartz	  nanopore,	  formed	  by	  pipette	  pulling,	  is	  depicted	  in	  Figure	  1.4.	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Figure	  1.4.	  	   (a)	   Scanning	   electron	  microscope	   image	   of	   the	   taper	   of	   a	   quartz	   pipette	   into	   a	  glass	  nanopore.	  Scale	  bar	  is	  100	  µm.	  (b)	  Close	  up	  image	  of	  the	  glass	  nanopore	  at	  the	  time	  of	  the	  pipette.	  Scale	  bar	  is	  100	  nm.	  	  	  Whilst	   quartz	   pipettes	   are	   the	   most	   commonly	   seen	   in	   literature,	   significant	  effort	  has	  been	  made	  in	  the	  fabrication	  of	  pipettes	  from	  other	  materials.	  Carbon	  based	  nanopipettes	  have	  been	  fabricated	  with	  a	  methodology	  based	  on	  the	  glass	  pulling	   technique74	   and	   magnetic	   techniques	   have	   been	   used	   to	   affix	  magnetised	  carbon	  nanotubes	  to	  the	  tips	  of	  conventional	  glass	  pipettes.75	  To	  overcome	  the	  main	  disadvantage	  of	  pipette	  pulling,	  many	  approaches	  have	  been	  used	   to	   increase	   the	   reproducibility	  of	   the	  glass	  nanopore	  at	   the	  pipette	  tip.	   One	   such	   approach	   is	   the	   use	   of	   etching	   protocols	   to	   produce	   a	   highly	  reproducible	   pore	   size.76	  Here	   the	   capillary	   is	   first	   pulled	   into	   a	  micropipette	  before	   the	   tip	   is	   melted,	   closing	   it	   completely.	   Subsequently,	   a	   nanopore	   is	  opened	   in	   the	   tip	   of	   the	   pipette	   via	   an	   etching	   process	   whilst	   continual	  electrochemical	  monitoring	  is	  used	  to	  achieve	  the	  exact	  pore	  size	  desired.	  Other	  approaches	   to	   increase	   the	   reproducibility	   of	   the	   glass	   nanopore	   include	   its	  controlled	  shrinking	  with	  a	  scanning	  electron	  microscope77	  and	  the	  insertion	  of	  DNA	  origami	  into	  the	  pore,	  producing	  a	  smaller	  pore	  with	  a	  well-­‐defined	  size.78	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1.3.4	  Surface	  Modification	  of	  Nanopores	  
As	  the	  surface	  of	  the	  nanopore	  plays	  a	  large	  role	  in	  the	  translocation	  dynamics,	  adapting	  the	  properties	  of	  the	  pore	  surface	  is	  of	  great	  interest.	  In	  addition,	  such	  adaptations	  to	  the	  pore	  surface	  may	  allow	  further	  control	  over	  the	  diameter	  of	  the	   fabricated	   nanopore.	   Adaptations	   to	   the	   pore	   are	   most	   commonly	  performed	   via	   post	   fabrication	  modifications,	   a	   final	   opportunity	   to	   alter	   the	  pore	  diameter	  and	  surface	  properties	  before	  use.	  The	   modification	   of	   the	   pore	   surface	   with	   inorganic	   or	   metallic	   materials	   is	  commonly	   seen	   in	   the	   literature	   surrounding	   nanopores.	   Atomic	   layer	  deposition	   (ALD)	   is	   often	   the	   preferred	   method	   of	   depositing	   inorganic	  materials	  due	  to	  the	  subnanometre	  precision	  it	  offers	  over	  the	  thickness	  of	  the	  deposited	   layer.79	  This	   approach	   is	  often	  used	   to	  deposit	   single	   layers	  of	  high	  dielectric	   constant	   material	   such	   as	   Al2O3,	   improving	   the	   performance	   of	   the	  device	   by	   simultaneously	   reducing	   the	   pore	   diameter	   and	   enhancing	   the	  device’s	  mechanical	   properties	   and	  noise	   performance.58,79	   The	   use	   of	  ALD	   to	  facilitate	   the	  modification	  of	   the	  pore	  surface	  has	  been	   further	  enhanced	  with	  the	  use	  of	  multi-­‐layered	  nanolaminates,	  allowing	  more	  complex,	  three	  terminal	  graphene	   nanopore	   devices.27	   To	   date,	   ALD	  modification	   is	   confined	   to	   pores	  fabricated	  in	  planar,	  wafer	  based	  geometries.	  The	  modification	  of	  the	  nanopore	  surface	  with	  metals	  is	  frequently	  undertaken	  via	   both	   sputtering	   and	   evaporation	   techniques.	   The	   deposition	   of	   a	   titanium	  adhesion	   layer	   and	   subsequently	   gold	   has	   been	   shown	   to	   successfully	   reduce	  pore	   diameter,	   the	   conformal	   coating	   that	   results	   providing	   a	   controlled	  reduction	   in	   nanopore	   size.80	   Electrodeposition	   can	   be	   employed	   to	   further	  control	   the	   pore	   dimensions,	   allowing	   in	   situ	  measurement	   of	   the	   nanopore’s	  ionic	   conductance	   and	   thus	   real	   time	   measurement	   of	   the	   pore’s	   diameter	  during	  deposition.81	  In	  addition	  to	  their	  potential	  for	  controlling	  pore	  size,	  such	  depositions	  are	  useful	   for	  optical	  detection	  techniques,24	  offering	  the	  potential	  for	   synchronised	   detection	   of	   analytes	   with	   both	   optical	   and	   electrical	  methodologies.	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The	   ALD,	   sputtering	   and	   evaporation	   techniques	   commonly	   used	   for	   the	  modification	  of	   the	  nanopore	   surface	  with	  metals	  or	   inorganic	  materials	  have	  one	   key	   disadvantage;	   they	   are	   not	   localised.	   These	   techniques	   result	   in	   the	  whole	   surface	   of	   the	   sample	   being	   modified,	   not	   just	   the	   area	   around	   the	  nanopore	   itself,	   ensuring	   the	   properties	   of	   the	   whole	   membrane	   are	   altered.	  This	   limitation	   can	   be	   circumvented	   via	   local	   oxide	   deposition,	   a	   process	   in	  which	  a	  precursor	  is	  deposited	  locally	  by	  exposure	  to	  either	  an	  ion82	  or	  electron	  beam.	  83	  The	  modification	  of	  pores	  with	  organic	  molecules	  is	  commonly	  presented	  in	  the	  literature.	   Silanisation	   of	   the	   nanopore	   surface	   is	   one	   of	   the	   more	   popular	  techniques,	  achieved	  with	  either	  a	  vapour	  or	  solvent	  based	  deposition.	  Such	  a	  nanopore	   modification	   is	   popular	   as	   it	   provides	   a	   convenient	   way	   to	   affix	  functional	   groups	   to	   the	   pore	   and	   the	   surrounding	   membrane	   via	   a	   robust	  covalent	   linkage.	   The	   wide	   variety	   of	   different	   silane	   tail	   groups	   available	  results	   in	  many	   different	   surface	   chemistries	   being	   possible	   at	   the	   nanopore,	  including	   control	  over	  hydrophobicity,	   charge	  and	  biological	   compatibility.	  To	  achieve	   a	   high	   density,	   durable	   silane	   film	   a	   post	   silanisation	   bake	   is	   often	  considered	   optimal.	   This	   step	   results	   in	   the	   cross	   linking	   of	   the	   organosilane	  groups,	  although	  care	  must	  be	  taken	  to	  preserve	  the	  functionality	  of	  the	  silane	  tail	  group.84	  An	  alternative	  to	  the	  modification	  of	  nanopores	  using	  silanes	  is	  the	  use	  of	  thiols.	  Nanopores	  that	  have	  been	  fabricated	  or	  previously	  modified	  with	  gold	  are	  often	  treated	  with	  thiol	  based	  self-­‐assembled	  monolayers.85	  The	  ability	  of	  these	  layers	  to	   self-­‐assemble	   results	   in	   the	   facile	   modification	   of	   the	   nanopore,	   with	   the	  properties	   of	   the	  modification	   determined	   by	   the	  monolayer	   tail	   groups	   in	   a	  similar	   fashion	   to	   the	   organosilane	   layer.	   The	   potential	   for	   nanopore	  modification	  using	   this	   approach	  has	  been	  explored	   in	   the	   literature,86,87	  with	  possibilities	   including	   the	   modification	   of	   surface	   charge,	   tuning	   the	   pore	  diameter	   by	   altering	   the	   length	   of	   the	   central	   spacer,	   providing	   steric	   effects	  that	   confer	   molecular	   selectivity	   or	   enabling	   a	   pore	   to	   respond	   to	   external	  environmental	  conditions.	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Cationic	   dendrimers	   have	   been	   used	   in	   the	   modification	   of	   glass	   nanopores.	  Such	   molecules	   are	   a	   valuable	   means	   of	   surface	   modification;	   providing	   a	  compact,	   well-­‐defined	   layer,	   creating	   a	   surface	   of	   known	   charge	   and	   offering	  potential	   for	   chemical	   selectivity	   via	   the	   formation	   of	   electrochemical	  complexes.88	  Similar	  experiments	  have	  also	  been	  conducted	  using	  polyethylene	  glycol	  to	  modify	  the	  surface	  of	  the	  pipette.35	  A	   final	   approach	   to	   the	   modification	   of	   nanopores	   is	   the	   use	   of	   biological	  molecules,	  enhancing	  and	   tailoring	   the	  properties	  of	   solid	  state	  nanopores	   for	  biological	   sensing.	  Many	   biological	  molecules	   can	   be	   used	   to	  modify	   the	   pore	  surface	  including	  lipids,	  proteins	  and	  nucleic	  acids.	  The	  modification	  of	  a	  pore	  with	  nucleic	  acids	  or	  proteins	  often	  relies	  on	  its	  prior	  treatment	  with	  a	  thiol	  or	  organosilane	  layer.89,90	  However,	  this	  is	  not	  always	  the	  case;91	   	   for	   example,	   poly-­‐l-­‐lysine	   has	   been	   successfully	   physisorbed	   onto	   a	  negatively	   charged	   pipette	   surface,	   inverting	   the	   observed	   current	  rectification.92	   Conversely,	   the	   modification	   of	   nanopores	   with	   lipids	   is	  generally	   undertaken	   by	   direct	   addition	   to	   the	   surface	   to	   form	   a	   supported	  bilayer.93	   This	   approach	   is	   highly	   flexible	   as	   adjusting	   the	   composition	   of	   the	  lipid	  bilayer	  allows	   the	  nanopore	  diameter	  and	  surface	  chemistry	   to	  be	   tuned	  with	   careful	   choice	   of	   tail	   length	   and	   functional	   group,	   although	   it	   is	   only	  possible	  to	  tune	  a	  nanopore’s	  diameter	  within	  very	  narrow	  limits.	  Recognition	  elements	   can	   also	   be	   added	   to	   the	   bilayer,	   increasing	   analyte	   dwell	   time	   and	  aiding	   analyte	   detection.94	   Lipid	   coated	  nanopores	   have	   also	   proven	  useful	   in	  the	  analysis	  of	  species	  that	  have	  tended	  to	  clog	  nanopores,	  such	  as	  amyloid-­‐β-­‐aggregates,	  by	  providing	  a	  dynamic	  nanopore	  surface.95	  1.3.5	  Noise	  in	  Solid	  State	  Nanopores	  
In	  nanopore	  experiments,	   the	  detection	  of	  single	  molecules	   is	  often	   limited	  by	  the	  size	  of	  the	  translocation	  signal	  relative	  to	  the	  background	  noise	  present	  in	  the	  electrical	   trace	   itself,	   commonly	  known	  as	   the	   signal	   to	  noise	   ratio	   (SNR).	  Whilst	  reducing	  pore	  size	   increases	  this	  ratio,96	  an	  alternative	  is	  to	  reduce	  the	  inherent	   noise	   in	   the	   electrical	   signal	   itself.	   For	   this	   reduction	   to	   occur,	   the	  sources	  of	  noise	  in	  a	  nanopore	  experiment	  must	  be	  fully	  understood.	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Noise	  sources	  in	  nanopore	  experiments	  can	  be	  divided	  into	  high	  frequency	  and	  low	  frequency	  (<	  1kHz)	  regimes.	  At	   low	  frequencies,	   thermal	  noise,	  shot	  noise	  and	   flicker	   noise	   are	   prominent	  whereas	   at	   higher	   frequencies	   dielectric	   and	  capacitance	  noise	  dominate.	  Noise	  analysis	  of	  experimental	  data	  often	  centres	  on	   the	  Fourier	   transformation	  of	   the	  electrical	   trace	   to	   form	  a	  power	  spectral	  density	  (PSD),	  schematically	  depicted	  in	  Figure	  1.5.	  	  
	  
Figure	  1.5.	  	   Schematic	   of	   the	   dominant	   sources	   of	   noise	   in	   the	   PSD	   of	   the	   ionic	   current	  through	  a	  nanopore	  as	  a	  function	  of	  frequency.	  
	  Each	   contributor	   to	   the	   noise	   in	   a	   nanopore	   device	   has	   distinct	   frequency	  dependence.	   As	   such,	   the	   total	   current	   PSD,	  𝑆 ,	   can	   be	   broken	   down	   into	  components	  and	  fitted	  with	  a	  polynomial	  of	  the	  form:	  
𝑆 =   𝑎!𝑓 +   𝑎! +   𝑎!𝑓 +   𝑎!𝑓! 	  here	   𝑓 	  is	   the	   frequency	   and	   the	   terms	   𝑎!,𝑎!,𝑎! 	  and	   𝑎! 	  represent	   the	  contributions	   from	   the	   flicker,	   thermal	   and	   shot,	   dielectric	   and	   capacitance	  noises	  respectively.	  These	  noise	  sources	  are	  all	  briefly	  reviewed	  in	  the	  following	  sections.	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1.3.5.1	  Thermal	  Noise	  
Thermal	   noise	   in	   both	   the	   circuitry	   of	   the	   amplifier	   used	   for	   electrical	  measurements	   of	   the	   pore	   current	   and	   the	   nanopore	   resistance	   sets	   the	  baseline	   noise	   of	   the	   experimental	   set-­‐up.	   Thermal	   fluctuations	   of	   charge	  carriers	   inside	   a	   conductive	   medium	   generate	   noise	   of	   this	   kind,97	   thus	   the	  cooling	   of	   amplifier	   circuitry	   is	   a	   common	   approach	   to	   reducing	   noise	   from	  thermal	  sources.	  At	  equilibrium,	  the	  PSD	  of	  the	  thermal	  noise	  is	  given	  by:	  
𝑆!!!"#$% =   4𝑘𝑇𝑅 	  here,	  𝑘	  is	  the	  Boltzmann	  constant,	  𝑇	  the	  temperature	  and	  𝑅	  the	  resistance	  of	  the	  noise	  source.	   Increasing	  the	  resistance	  of	  the	  noise	  source,	   for	  example	  with	  a	  smaller	   nanopore,	   is	   therefore	   a	   second	   viable	   approach	   to	   reducing	   thermal	  noise	  in	  a	  measurement.	  1.3.5.2	  Shot	  Noise	  
Random	  fluctuations	  in	  the	  motion	  of	  ions	  in	  a	  nanopore	  are	  another	  source	  of	  noise	   in	   these	   low	   current	   experiments.	   This	   contribution	   to	   the	   total	   power	  spectral	   density	   is	   known	   as	   shot	   noise	   and	   is	   present	   in	   any	   conducting	  medium.	  Its	  individual	  PSD	  takes	  the	  form:	  𝑆!!!" =   2𝐼𝑞	  where	  𝑞	  is	  the	  effective	  charge	  of	  the	  current	  carrying	  species	  and	  𝐼	  the	  average	  current.	  Shot	   noise	   originates	   from	   the	   discrete	   nature	   of	   electric	   charge.	   The	  fundamental	   physical	   process	   that	   governs	   the	   passage	   of	   charge	   carriers	  through	   a	   nanopore	   is	   such	   that	   these	   charge	   carriers	   pass	   through	   the	  nanopore	   randomly,	  biased	  by	   the	   influence	  of	  any	  applied	  voltage.	  When	   the	  nanopore	   has	   a	   large	   diameter,	   many	   charge	   carriers	   pass	   through	   the	  nanopore	   at	   any	   one	   time.	   As	   such,	   any	   variation	   in	   the	   number	   of	   charge	  carriers	   passing	   through	   the	   nanopore,	   due	   to	   these	   random	   fluctuations,	   is	  insignificant	  compared	  to	   the	  total	  number	  of	  charge	  carriers	  passing	  through	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the	   pore.	   Thus	   the	   measured	   current	   varies	   insignificantly.	   However,	   if	   the	  nanopore	  is	  reduced	  in	  size	  until	  only	  very	  few	  charge	  carriers	  pass	  through	  it	  at	  any	  time,	  the	  relative	  fluctuations	  in	  the	  number	  of	  charge	  carriers,	  and	  thus	  measured	  current,	  will	  be	  far	  more	  significant.	  1.3.5.3	  Flicker	  Noise	  
When	   an	   electric	   potential	   is	   applied	   across	   a	   nanopore	   membrane	   a	   low-­‐frequency	  fluctuation,	  with	  a  1 𝑓	  dependence,	  is	  observed	  in	  the	  ionic	  current.	  This	  current	  is	  known	  as	  flicker	  noise	  and	  largely	  dominates	  thermal	  and	  shot	  noise	   in	   nanopore	   experiments.	  Whilst	   it	   is	   of	   great	   importance	   in	   nanopore	  experiments	   and	   has	   been	   extensively	   investigated	   it	   is	   still	   not	   fully	  understood.79,83,98–101	  The	  PSD	  of	  the	  flicker	  noise	  is	  found	  to	  be	  proportional	  to	  the	  square	  of	  the	  pore	  current,	  𝐼:	  
𝑆!"#$%&' ∝    𝐼!𝑓! 	  with	  𝑓	  the	   frequency	   and	  𝛽	  a	   constant	   typically	   equal	   to	   one,	   though	   it	   may	  vary.98,100	   Flicker	   noise	   cannot	   be	   removed,	   but	   it	   may	   be	   minimised	   with	  surface	  modifications,	  such	  as	  atomic	  layer	  deposition,79	  piranha	  treatment,98	  or	  the	   application	   of	   short	   pulses	   (100	  ms)	   of	   moderately	   large	   potentials	  (10	  V).102	  1.3.5.4	  High	  Frequency	  Noise	  
It	  is	  noise	  in	  the	  high	  frequency	  range	  that	  commonly	  defines	  the	  upper	  limit	  on	  the	  measurement	  bandwidth	  possible	  with	  an	  acceptable	  signal	   to	  noise	  ratio.	  Up	  to	  frequencies	  of	  ~10	  kHz	  the	  dielectric	  properties	  of	  the	  pore	  material	  set	  this	   noise	   limit,	   above	   this	   it	   is	   the	   coupling	   of	   the	   amplifier’s	   noise	  with	   the	  total	  capacitance	  of	  the	  experimental	  set-­‐up	  that	  dominates	  the	  PSD.	  Dielectric	   noise	   is	   associated	   with	   the	   dielectric	   loss,	   the	   dissipation	   of	  electromagnetic	   energy	   to	   heat,	   and	   capacitance	   of	   the	   nanopore	   membrane	  and	  its	  support	  structure.	  The	  PSD	  of	  dielectric	  noise	  can	  be	  expressed	  as:	  𝑆!"#$#%&'"% =   8𝜋𝑇𝐷𝐶!!!"𝑓	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here	  𝑇	  is	   the	   temperature,	  𝐷	  the	   dielectric	   loss,	  𝑓	  the	   frequency	   and	  𝐶!!!"	  the	  capacitance	  of	   the	  dielectrics	   that	   form	  the	  chip.	  Thus,	  using	  a	  material	  with	  a	  smaller	  dielectric	  constant	  or	  lower	  dielectric	  loss	  to	  fabricate	  the	  nanopore,	  or	  designing	  a	  chip	  with	  a	  smaller	  area	  exposed	  to	  the	  electrolyte	  can	  be	  used	  to	  reduce	  dielectric	  noise.71,103	  Capacitance	  noise	  is	  significant	  above	  10	  kHz,	  hence	  the	  majority	  is	  filtered	  out	  in	  many	  single	  molecule	  experiments	  where	  a	  10	  kHz	  filter	  cut-­‐off	  is	  often	  used.	  However,	   such	   noise	   can	   potentially	   prove	   problematic	   in	   nanopore	  experiments,	  as	  illustrated	  by	  considering	  the	  Nyquist	  frequency:	  𝑓! =   2𝑓! 	  the	  Nyquist	   frequency,	  𝑓! ,	   is	   the	  minimum	   sampling	   frequency,	  𝑓!,	   for	   a	   given	  filter	   cut-­‐off	   frequency,	  𝑓! .	   When	   collecting	   a	   current	   trace	   from	   a	   single	  molecule	   experiment	   a	   sufficient	   number	   of	   data	   points	  must	   be	   acquired	   to	  adequately	   sample	   the	   transient	   changes	   in	   current	   due	   to	  molecular	   events.	  The	   choice	   of	   sampling	   frequency	   is	   influenced	   by	   the	   selected	   filter	   cut-­‐off	  frequency	   as	   noise	   in	   the	   current	   trace	   with	   a	   frequency	   component	   greater	  than	   half	   the	   sampling	   frequency	  will	   appear	   in	   the	   digitised	   trace.	   Put	  more	  simply,	   there	   is	   a	   “folding	  back”	   of	   these	  high	   frequency	   components	   into	   the	  frequency	   range	   of	   zero	   to  𝑓! 2.104	   Therefore,	   even	   when	   filtering	   below	   the	  frequency	   range	   where	   capacitance	   noise	   becomes	   dominant,	   a	   compatible	  choice	   of	   sampling	   and	   cut-­‐off	   frequencies	   must	   be	   chosen	   to	   prevent	   the	  degradation	  of	  the	  signal.	  In	  practice	  𝑓! = 5𝑓! 	  is	  commonly	  chosen.	  1.3.6	  The	  Potential	  of	  Solid	  State	  Nanopores	  
Whilst	   biological	   pores,	   and	   especially	   α-­‐hemolysin,	   have	   been	   successfully	  used	   in	   a	   wide	   range	   of	   experiments,	   the	   successes	   of	   solid	   state	   pores	   are	  perhaps	   even	   more	   numerous.	   Single	   molecule	   detection	   of	   both	   DNA68	   and	  proteins28	   has	   been	   described,	   as	   well	   as	   the	   translocation	   of	   functionalised	  nanoparticles.105	   In	   terms	   of	   sub	   molecular	   measurements	   solid	   state	  nanopores	  have	  been	  used	  to	  probe	  the	  folded	  structure	  of	  translocated	  DNA,106	  localised	   proteins	   on	   a	   DNA	   strand7,107	   and	   differentiate	   between	   folded	   and	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unfolded	   proteins.108	   Other	   studies	   have	   focused	   on	   the	   fundamentals	   of	   the	  translocation	  process	   itself,109,110	   interactions	  between	  biological	  molecules,111	  the	  conformational	  analysis	  of	  drug	  target	  molecules112	  and	  measuring	  the	  force	  on	  individual	  molecules.39	  The	  variety	  of	  literature	  on	  the	  subject	  of	  solid	  state	  nanopores	  demonstrates	   their	  potential	   to	  be	  a	  key	  aspect	  of	   future	  analytical	  devices.	  Whilst	  it	  is	  clear	  that	  solid	  state	  nanopores	  offer	  many	  possibilities	  in	  terms	  of	  their	  analytical	  abilities,	  for	  them	  to	  become	  common	  analytical	  tools	  outside	  of	  the	   laboratory	   environment	   they	   must	   be	   packaged	   into	   a	   suitable	   platform.	  This	   platform	   must	   be	   robust	   and	   reliable	   and	   should	   ideally	   require	   little	  training	   to	   be	   used	   effectively.	  Microfluidic	   devices	   have	   been	   used	   as	   such	   a	  platform	   in	   many	   fluorescence	   experiments,	   although	   their	   use	   is	   less	  commonly	  seen	  in	  electrical	  investigations.	  
1.4	  Microfluidic	  Devices	  
The	   first	   suggestion	  of	  downsizing	   in	   the	  physical	   sciences	  was	  mentioned	  by	  Richard	  Feynman	  at	  the	  1959	  meeting	  of	  the	  American	  Physical	  Society	  in	  a	  talk	  entitled	   “There	   is	   plenty	   of	   room	   at	   the	   bottom”.113	   The	   talk	   focused	   on	  examining	   the	   limits	   set	   by	   physical	   principles	   on	   known	   technology	   and	  proposed	  a	  variety	  of	  new	  nano-­‐tools	  including	  the	  concept	  of	  bottom	  up,	  “atom	  by	  atom”	  fabrication.	  In	  the	  following	  decades,	  his	  predictions	  became	  reality	  as	  microelectronic	  systems	  shrunk	  to	  close	  to	  the	  molecular	  level.	  Bearing	  this	  in	  mind,	   it	   is	   surprising	   that	   the	  concept	  of	  a	  miniature	   total	  analysis	  system	  (µ-­‐TAS)	  for	  biological	  and	  chemical	  applications	  was	  only	  seriously	  addressed	  by	  Manz	  and	  Widmer	  in	  1990.114	  µ-­‐TAS	   systems	   are	   microfluidic	   devices	   that	   use	   component	   structures	   with	  dimensions	   ranging	   from	   a	   single	   micron	   to	   hundreds	   of	   micrometres	   to	  efficiently	  process	  and	  manipulate	  fluids	  in	  the	  microlitre	  to	  femtolitre	  range.115	  Such	   devices	   have	  many	   advantages	   over	   typical	   bulk	   experiments,	   requiring	  small	   reagent	   volumes	   as	   well	   as	   offering	   short	   analysis	   times,	   excellent	  analytical	  performance,	  low	  costs,	  portability	  and	  a	  robustness	  that	  allows	  their	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use	  outside	  of	  a	  traditional	  laboratory.	  These	  advantages	  have	  led	  to	  the	  rapid	  growth	   of	   microfluidics	   since	   their	   inception	   and	   the	   wide	   use	   of	   these	  technologies	   in	   applications	   such	   as	   biochemical	   analysis,116	   chemical	  synthesis117	  and	  pharmaceutical	  sciences.118	  Microfluidic	   devices	   are	   usually	   made	   from	   poly(dimethylsiloxane)	   (PDMS),	  glass	   or	   silicon.	   Devices	   made	   in	   both	   silicon	   and	   glass	   are	   potentially	  problematic;	  silicon	  is	  opaque	  in	  the	  visible	  region	  creating	  difficulties	  in	  device	  imaging	  whereas,	  whilst	  it	  is	  cheap	  and	  transparent	  in	  the	  visible	  region,	  glass	  is	  more	  difficult	   to	  etch.119	   In	  addition,	   the	  materials	  and	   techniques	  required	   in	  the	   fabrication	   of	   both	   glass	   and	   silicon	   chips	   are	   expensive	   and	   time	  consuming.	  For	  these	  reasons	  the	  majority	  of	  microfluidic	  research	  has	  centred	  on	  making	  devices	  from	  plastics	  and	  polymers,	  most	  frequently	  PDMS.	  The	  inherent	  properties	  of	  PDMS	  make	  it	  an	  ideal	  choice.	  PDMS	  is	  inexpensive,	  flexible,	   optically	   transparent	   in	   the	   visible	   region	   and	   compatible	   with	  biological	  samples.	  An	  additional	  benefit	  of	  PDMS	  devices	   is	  that	   fabrication	  is	  possible	  with	  well	  characterised	  soft	  lithography	  processes.119–122	  In	   short,	   the	   soft	   lithography	  process	   consists	   of	   the	   creation	  of	   a	  photoresist	  master	  using	  a	  lithographic	  mask	  and	  photolithography.	  Commonly,	  a	  negative	  photoresist	   such	   as	   SU-­‐8	   is	   spin	   coated	   on	   to	   a	   silicon	   wafer	   before	   being	  selectively	   exposed	   to	   ultraviolet	   light	   using	   the	   lithographic	   mask.	  Development	  of	  the	  photoresist	  then	  takes	  place	  before	  a	  silanisation	  step	  may	  be	   undertaken,	   preventing	   PDMS	   adhesion	   to	   the	   wafer.	   Subsequently,	   the	  master	   is	   used	   for	   the	   batch	   production	   of	   PDMS	   devices.	   The	   depth	   of	   the	  photoresist	   features,	   and	   thus	   the	   channel	   height	   in	   the	   PDMS	   device,	   is	  dependent	  on	  the	  spin	  speed	  used	  in	  the	  coating	  process;	  different	  photoresists	  with	  varying	  viscosities	  can	  also	  be	  used	  to	  control	  feature	  depth.123	  Whilst	  microfluidic	  devices	  offer	  many	  advantages,	   the	  downsizing	   associated	  with	  the	  use	  of	  microfluidic	  technologies	   is	  not	  without	   its	  disadvantages.	  The	  large	   surface	   area	   of	   channels,	   compared	   to	   their	   volume,	   can	   introduce	  significant	  challenges	  in	  the	  form	  of	  nonspecific	  adsorption	  to	  the	  channel	  walls	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for	  example.	  These	  challenges	  can	  be	  overcome	  with	  the	  use	  of	  segmented,	  or	  droplet,	  microfluidics.	  1.4.1	  Droplet	  Microfluidics	  
Droplet	  microfluidics	   is	   a	   subset	   of	   the	   larger	  microfluidics	   technology	  where	  immiscible	   fluids,	   most	   commonly	   an	   oil	   and	   aqueous	   phase,	   are	   introduced	  into	  a	  device	  in	  such	  a	  way	  that	  droplets	  of	  one	  of	  the	  phases	  are	  formed.	  Here	  we	  see	  droplets	  containing	  volumes	  typically	  in	  the	  range	  of	  10-­‐9	  to	  10-­‐15	  litres	  created	  at	  up	  to	  megahertz	  rates.124	  	  For	  biological	  studies,	  aqueous	  droplets	  containing	  the	  analyte	  of	  interest	  in	  an	  oil	   carrier	   phase	   are	   most	   common.	   	   Although	   the	   ability	   to	   continuously	  measure	   the	   analyte	   is	   lost,	   interactions	   and	   adsorption	   are	   removed	   as	  obstacles	   in	   such	   a	   device	   as	   the	   oil	   carrier	   fluid	   coats	   the	   walls	   of	   the	  microfluidic	   channel,	   preventing	   any	   interactions	  between	   the	  droplet	   and	   its	  external	  environment.	  	  Consequently	  each	  droplet	  can	  be	  considered	  an	  isolated	  microreactor,125	   with	   exceptionally	   limited	   passage	   of	   analyte	   between	  individual	  droplets.	  This	   isolated	  microreactor	  status	   is	  a	  major	  advantage	   for	  many	   applications,	   leading	   to	   a	   rapid	   increase	   in	   the	   use	   of	   segmented	   flow,	  microdroplet	   devices	   in	   a	   wide	   range	   of	   fields	   such	   as	   synthesis,117,126,127	  crystallisation,128,129	   bioassays,130,131	   single	   molecule	   encapsulation132–134	   and	  kinetics,135,136	  see	  Figure	  1.6.	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Figure	  1.6.	  	   Bromination	  reaction	  used	  to	  measure	  reaction	  kinetics	  in	  a	  microfluidic	  droplet	  device	  at	  a	  flow	  rate	  of	  0.12	  mL	  min-­‐1.	  Reaction	  progress	  can	  be	  observed	  as	  the	  intensity	   of	   the	   orange	   colouring	   decreases	   as	   Br2	   reacts	   with	   styrene	   in	   the	  droplets.137	  
	  1.4.2	  Droplet	  Formation	  
In	  microfluidic	  devices,	  droplets	  are	  commonly	  generated	  by	  one	  of	  two	  channel	  geometries;	  flow	  focusing	  or	  T-­‐junction,	  as	  seen	  in	  Figure	  1.7.	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Figure	  1.7.	  	   Droplets	  created	  in	  both	  (A)	  T-­‐junction	  and	  (B)	  flow	  focusing	  geometries.	  White	  arrows	  represent	  the	  oil	  flow	  in	  both	  cases.	  Scale	  bars	  100	  µm.138	  
	  In	  both	  flow	  focussing	  and	  T-­‐junction	  devices	  as	  the	  segmented	  phase	  is	  pushed	  into	  the	  carrier	  fluid	  it	  forms	  droplets	  and	  becomes	  surrounded	  by	  a	  thin	  layer	  of	  the	  carrier	  phase.	  However,	  the	  exact	  method	  of	  droplet	  formation	  differs	  in	  flow	  focusing	  and	  T-­‐junction	  devices.	  Whilst	  the	  nature	  of	  the	  droplet	  creation	  process	  may	  differ,	   in	  both	   cases	   the	  ultimate	  droplet	   regime	  depends	  on	   the	  channel	   geometry,	   flow	   rates	   and	   instabilities	   at	   the	   fluid-­‐fluid	   interface.	  Microfluidic	   systems	   are	   associated	  with	   low	   Reynolds	   numbers	   and	   laminar	  flow,	   due	   to	   their	   small	   length	   scales;	   thus	   viscous	   instabilities	   are	   very	  important,	  though	  at	  high	  flow	  rates	  inertial	  forces	  can	  also	  be	  influential.139	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1.4.2.1	  Droplet	  Formation	  in	  Flow	  Focusing	  Geometries	  
In	  a	  flow	  focusing	  geometry,	  the	  aqueous	  phase	  flows	  into	  a	  central	  inlet	  while	  the	   oil	   phase	   is	   pumped	   into	   two	   symmetric	   side	   channels.	   Flow	   focusing	  devices	   rely	   on	   the	   capillary	   instability	   of	   sheared,	   cylindrical	   interfaces	   to	  create	  droplets.	  Confinement	  of	  the	  fluid	  between	  microchannel	  walls	   in	  these	  devices	   causes	   the	   cylindrical	   fluid	   core	   to	   break	   into	   droplets140	   in	   a	   typical	  sequence,	   depicted	   in	   Figure	   1.8.	   Firstly,	   after	   the	   pinch	   off	   of	   a	   previously	  formed	   droplet,	   the	   dispersed	   fluid	   retracts	   towards	   the	   central	   inlet	   due	   to	  surface	   tension	   (a	  and	  b).	   Secondly,	   the	   dispersed	   fluid	   expands	   out	   of	   the	  channel	   in	   the	  axial	  and	  radial	  directions	  (c)	  before	   the	  continuous	   fluid	   thins	  the	   dispersed	   thread	   in	   the	   radial	   direction	   and	   elongates	   it	   in	   the	   axial	  direction	  (d	  to	  h).	  The	  dispersed	  phase	  begins	  to	  collapse	  as	  a	  neck	  is	  formed	  (e)	  which	  thins	  until	  the	  droplet	  is	  formed	  (h).141	  Using	  this	  mechanism	  of	  droplet	  formation,	   spherical	   droplets	   which	   are	   smaller	   than	   the	   channel	   width	   and	  height	  can	  be	  generated	  by	  decreasing	  the	  ratio	  of	  the	  aqueous	  phase	  to	  the	  oil	  phase.	  
Introduction	  
	  
Chapter	  1	   Page	  31	  
	  
Figure	  1.8.	  	   Droplet	  generation	  in	  a	  flow	  focusing	  device	  using	  water	  as	  the	  segmented	  phase.	  Water	  flow	  rate	  300	  µl	  min-­‐1,	  oil	  flow	  rate	  2000	  µl	  min-­‐1.141	  
	  1.4.2.2	  Droplet	  Formation	  in	  T-­‐Junction	  Geometries	  
In	   T-­‐junction	   devices	   droplet	   formation	   is	   usually	   in	   the	   ‘squeezing’	   regime,	  though	   a	   dripping	   regime	   is	   also	   known.142	   The	   formation	   of	   droplets	   in	   the	  squeezing	   regime	   has	   been	   thoroughly	   characterised.143	   The	   first	   stage	   of	  droplet	   formation	   in	   a	  T-­‐junction	  device	  operating	   in	   the	   squeezing	   regime	   is	  the	  stream	  of	  the	  dispersed	  fluid	  entering	  the	  main	  channel.	  As	  such	  a	  droplet	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begins	  to	  grow,	  the	  pressure	  gradient	  and	  flow	  in	  the	  main	  channel	  distorts	  the	  droplet	  in	  the	  downstream	  direction.	  The	  interface	  on	  the	  upstream	  side	  of	  the	  droplet	  moves	  downstream	  until	  it	  reaches	  the	  downstream	  edge	  of	  the	  inlet	  for	  the	   dispersed	   phase,	   causing	   the	   droplet	   to	   form.	   The	   newly	   formed	   droplet	  then	   flows	   downstream	   and	   the	   process	   begins	   again,	   as	   illustrated	   in	  
Figure	  1.9.	  
	  
Figure	  1.9.	  	   Schematic	   of	   droplet	   generation	   in	   a	   T-­‐junction	   in	   the	   squeezing	   regime	   with	  flow	  from	  left	  to	  right.	  Adapted	  from	  De	  Menech	  et	  al.142	  
	  Here,	   the	   process	   of	   droplet	   formation	   is	   dominated	   by	   the	   balance	   of	   the	  pressures	  in	  the	  continuous	  and	  dispersed	  phases.	  The	  pressures	  in	  these	  two	  phases	   are	   dominated	   by	   two	   factors,	   the	   Laplace	   pressure	   in	   the	   dispersed	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liquid	  due	  to	  the	  curvature	  of	  the	  interface	  and	  the	  pressure	  from	  the	  fluid	  flows	  themselves.143	  The	   Laplace	   pressure	   change,	  ∆𝑝! ,	   exerted	   on	   the	   dispersed	   liquid	   by	   the	  interface	  can	  be	  calculated	  as:	  ∆𝑝! =   𝛾(𝑟!!! +   𝑟!!!)	  where	  𝑟!!!	  is	   the	   axial	   curvature	   (in	   the	   plane	   of	   the	   device)	   and	  𝑟!!!	  is	   the	  radial	  curvature	  (in	  the	  cross	  section	  of	  the	  collapsing	  neck	  joining	  the	  inlet	  for	  the	  discontinuous	   fluid	  with	   the	  droplet).	   Initially,	   both	   curvatures	   are	  bound	  by	   the	   dimensions	   of	   the	   inlet	   channel.	   As	   the	   droplet	   grows	   into	   the	   main	  channel	   and	   spans	   across	   its	   entire	   cross	   section	   the	   Laplace	   pressure	  decreases;	   the	   radial	   curvature	   is	   still	   bound	   by	   the	   height	   of	   the	   upstream	  channel	   and	   the	   axial	   curvature	   decreases.	   This	   process	   continues	   until	   the	  droplet	   begins	   to	   elongate	   in	   the	   axial	   direction	   and	   the	   radial	   curvature	  increases;	   the	  Laplace	  pressure	  reaches	  a	  maximum	  value	  at	  droplet	  break	  off	  where	  the	  radial	  curvature	  grows	  to	  infinity	  before	  relaxing	  to	  its	  initial	  value.	  The	   pressures	   from	   the	   fluid	   flows	   themselves	   are	   defined	   as	   	  𝑝! 	  for	   the	  dispersed	  flow	  and	  	  𝑝! 	  for	  the	  continuous	  flow	  with	  the	  net	  pressure	  exerted	  by	  the	  dispersed	   fluid	  on	   the	  continuous	   fluid	   thus  𝑝! − 𝑝! .	  At	   first	   the	  dispersed	  phase	   moves	   into	   the	   channel	   as  𝑝! − 𝑝!   >   𝑝! ,	   causing	   the	   value	   of	   	  𝑝! 	  to	  slowly	  increase	  due	  to	  the	  forming	  droplet	  obstructing	  the	  channel.	  Eventually	  𝑝! − 𝑝!   <   𝑝! 	  and	   the	   upstream	   edge	   of	   the	   droplet	   begins	   to	   move	  downstream	  until	   the	  neck	  breaks,	   the	  droplet	   forms	  and	  the	  pressures	   in	  the	  dispersed	  and	  continuous	  phases	  return	  to	  their	  unperturbed	  values.	  When	  droplets	  are	  formed	  in	  such	  a	  regime	  the	  gap	  between	  adjacent	  droplets,	  the	   period,	   and	   the	   droplet	   length	   is	   independent	   of	   the	   total	   flow	   rate.143,144	  However,	   the	   ratio	   of	   the	   volumetric	   flow	   rate	   of	   the	   dispersed	   fluid	   to	   the	  continuous	  fluid,  𝑊! ,	  strongly	  affects	  the	  length	  and	  period	  of	  droplets.	  
𝑊! =    𝑉!𝑉! +   𝑉! 	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Here	  𝑉! 	  and	  𝑉! 	  are	   the	   total	   volumetric	   flow	   rates	   of	   the	   dispersed	   and	  continuous	   flow	  respectively.	  The	  effect	  of	  𝑊!	  on	  droplet	   length	   is	  depicted	   in	  
Figure	  1.10.	  
	  
Figure	  1.10.	  	   The	  variation	   in	  droplet	   length	  as	   the	  water	   fraction	   is	   increased	  at	   a	   constant	  flow	   rate.	   Droplet	   length	   increases	   concomitantly	   with	  𝑊!whilst	   the	   droplet	  period	  decreases.145	  	  1.4.3	  The	  Carrier	  Fluid	  
When	   considering	   aqueous	   droplets,	   as	   commonly	   used	   for	   biological	  investigations,	   oil	   based	   carrier	   fluids	   are	   almost	   universally	   used	   as	   the	  immiscible	  continuous	  phase.	  Fluorocarbons	  are	  a	  popular	  choice	  as	  they	  do	  not	  swell	  PDMS	  devices135	  and	  are	  compatible	  with	  biological	  molecules,146	  as	  well	  as	  being	   immiscible	  with	  aqueous	  solutions.	   In	   these	  microfluidic	   systems	   the	  surface	   tension	   at	   the	   water/oil	   interface	   is	   higher	   than	   at	   the	   water/PDMS	  interface	  and	  thus	  the	  aqueous	  droplets	  may	  wet	  the	  channel	  walls.	  To	  combat	  this,	   a	   surfactant	   is	   added	   to	   the	   carrier	   fluid,	   reducing	   surface	   tension	  at	   the	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water/oil	  interface	  and	  allowing	  droplets	  to	  move	  along	  the	  channel	  with	  an	  oil	  barrier	  between	  themselves	  and	  the	  PDMS	  walls.144	  1.4.4	  Droplet	  Manipulation	  
Along	  with	  their	  status	  as	  isolated	  microreactors,	  one	  of	  the	  key	  advantages	  of	  microfluidic	  droplets	   is	   the	  possibility	  of	   their	  downstream	  manipulation.	  One	  of	   the	   most	   common	   forms	   of	   manipulation	   is	   passive	   droplet	   trapping.	  Methodologies	  here	  require	  no	  external	  energy	  input	  to	  keep	  a	  droplet	  localised	  and	   include	   the	   trapping	   of	   droplets	   using	   variable	   channel	   dimensions,147	  mechanical	   obstacles	   in	   the	   channel15,148	   or	   microfluidic	   chambers	   with	  increased	  dimensions.149	  These	  methods	  rely	  on	  the	  droplet’s	  desire	  to	  keep	  its	  equilibrium	   state;	   any	   deviations	   from	   this	   present	   a	   resistance	   to	   droplet	  movement	  and	  thus	  a	  trapping	  force.	  The	  addition	  of	  active	  trapping	  elements	  to	  a	  passive	  trap,	  further	  enhancing	  the	  droplet’s	  localisation,	  is	  also	  possible.150	  	  An	  example	  of	  passive	  trapping	   is	  shown	  in	  Figure	  1.11,	   in	  this	  case	  allowing	  the	   prolonged	   investigation	   of	   droplet	   contents	   using	   confocal	   fluorescence	  microscopy.	  
	  
Figure	  1.11.	  	   (a)	  Schematic	  of	  the	  overall	  microfluidic	  droplet	  device.	  (b)	  Droplets	  are	  trapped	  in	  wells	  at	   the	  side	  of	   the	  main	  channel	  by	  the	   flow	  of	  carrier	   fluid	  through	  the	  device	   allowing	   their	   contents	   to	   be	   examined	   with	   fluorescent	   microscopy	  techniques.15	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Passive	   trapping	   of	   droplets	   is	   not	   the	   only	   localisation	   technique.	   Active	  trapping,	   where	   an	   additional	   energy	   input	   is	   required	   to	   keep	   the	   droplets	  localised	  is	  also	  a	  possibility.	  Optical	  vortex	  traps,	  relying	  on	  differences	  in	  the	  refractive	   index	  between	  the	  droplet	  and	  carrier	   fluid	  can	  be	  used	  to	  trap	  and	  transport	   droplets	   in	  microfluidic	   devices.151	   Lasers	   can	   also	   be	   used	   to	   trap	  droplets,	   the	   force	  pinning	  the	  droplets	  resulting	   from	  the	   localised	  heating	  of	  the	   carrier	   fluid.152	   This	   localised	   heating	   causes	   surface	   tension	   gradients	  around	  the	  droplet,	  carrier	  fluid	  interface,	  driving	  the	  droplet	  out	  of	  equilibrium	  and	   allowing	   its	   manipulation.153	   Systems	   that	   utilise	   the	   active	   trapping	   of	  droplets	  give	  excellent	  spatial	  control,	  for	  example	  allowing	  the	  easy	  switching	  of	   droplet	   order,	   but	   are	   far	   more	   challenging	   to	   implement	   than	   passive	  alternatives.	  Droplet	  trapping	  is	  primarily	  used	  to	  increase	  the	  time	  available	  for	  the	  analysis	  of	   droplet	   contents.	   However,	   other	   uses	   are	   apparent	   in	   the	   literature.	   The	  concentration	   of	   trapped	   droplet	   can	   be	   manipulated	   with	   both	   droplet	  concentration154	  and	  dilution	  devices,155	  as	  seen	  in	  Figure	  1.12.	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Figure	  1.12.	  	   Droplet	   dilution	   device	   using	   passive	   droplet	   trapping.	   A	   series	   of	   daughter	  droplets	  is	  created	  that	  decrease	  in	  analyte	  concentration.155	  
	  Another	  method	  of	  downstream	  droplet	  manipulation	  is	  droplet	  coalescence,	  a	  useful	  technology	  in	  cases	  where	  reactants	  must	  be	  kept	  separate	  until	  specific	  conditions	  have	  been	  achieved.	  Like	  droplet	  trapping,	  coalescence	  can	  be	  both	  an	   active	   or	   passive	   process.	   Passive	   coalescence	   requires	   the	   design	   of	   the	  channel	   to	   control	   the	   location	   of	   droplet	   fusion	   and	   very	   precise	   rates	   of	  droplet	  production	  at	  high	  flows.	  Once	  these	  prerequisites	  have	  been	  achieved	  coalescence	   can	   take	   place	   at	   channel	   junctions	   or	   obstructions,156,157	   as	  illustrated	  in	  Figure	  1.13.	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Figure	  1.13.	  	   Pillars	   in	   the	   microfluidic	   channel	   trap	   a	   passing	   droplet,	   causing	   it	   to	   merge	  with	   another.	   The	   pillars	   also	   induce	   the	   rapid	   mixing	   of	   both	   droplets’	  contents.158	  
	  In	  passive	  fusion	  devices,	  surfactants	  that	  allow	  the	  droplets	  to	  fuse	  when	  they	  are	  in	  close	  contacts	  must	  be	  used.	  If	  this	   is	  not	  possible,	  active	  droplet	  fusion	  using	   electro-­‐coalescence	   remains	   an	   option,	   allowing	   additional	   control	   of	  which	  droplets	  are	  fused	  as	  depicted	  in	  Figure	  1.14.159,160	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Figure	  1.14.	  	   Targeted	  electrocoalescence	  of	  droplets	  in	  a	  microchannel.	  When	  a	  low	  potential	  pulse	   (50	   –	   100	  ms,	   1	   -­‐3	   V)	   is	   applied,	   pairs	   of	   droplets	   coalesce	   at	   the	   gap	  between	   the	   electrodes	   in	   both	   the	   “bamboo”	   (a)	   and	   “zig-­‐zag”	   (b	   and	   c)	  structures.161	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The	   downstream	   manipulation	   of	   droplets	   does	   not	   always	   involve	   making	  changes	   to	   their	  contents.	  The	  sorting	  of	  droplets	  via	  various	  criteria	   is	  also	  a	  possibility.	   If	   sorting	   droplets	   by	   size	   is	   required	   this	   can	   be	   undertaken	  passively,	   for	   example	   by	   using	   daughter	   channels	   with	   differing	   widths.162	  Active	  sorting	  of	  droplets	  is	  required	  if	  differentiation	  of	  other	  characteristics	  is	  required;	   for	   example	   pneumatic	   PDMS	   valves	   can	   be	   used	   as	   part	   of	   a	  computer	   controlled	   program	   to	   sort	   droplets	   according	   to	   their	   level	   of	  fluorescence,	  Figure	  1.15.163	  
	  
Figure	  1.15.	  	   (a)	   Schematic	   of	   valve	   based	   microfluidic	   sorter,	   designed	   to	   increase	   the	  distance	  between	  droplets	  then	  sort	  them.	  (b)	  When	  the	  sorting	  is	  off,	  all	  drops	  flow	  into	  the	  top	  channel	  due	  to	  an	  asymmetry	  at	  the	  divide.	  (c)	  When	  sorting	  is	  on,	   as	   can	  be	   seen	  by	   the	   laser	   spot	   in	   the	  microfluidic	   channel,	   the	  pneumatic	  valve	   forces	   fluorescent	   droplets	   into	   the	   bottom	   channel	   by	   inverting	   the	  asymmetry.163	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1.5	  The	  Analysis	  of	  Droplet	  Microfluidics	  
From	   the	   previous	   section	   it	   is	   clear	   that	   droplet	   microfluidics	   is	   a	   highly	  valuable	   tool	   in	   terms	   of	   the	   experimental	   options	   it	   offers.	   The	   analysis	   of	  droplet	   contents	   is	   thus	   an	   important	   analytical	   challenge	   and,	   like	   single	  molecule	   detection,	   is	   most	   commonly	   undertaken	   by	   optical	   means,164,165	   in	  particular	  with	  experiments	  involving	  flurophores.166,167	  In	  droplets,	  fluorescent	  studies	  have	  been	  used	  to	  detect	  single	  molecules	  of	  DNA,133	  detect	  cells168	  and	  quantitatively	   describe	   protein	   expression166	   in	   a	   high	   throughput	   setting.	   In	  such	   studies,	   droplets	   confine	   the	   analyte	   to	   ultrasmall	   volumes	   typically	   a	  femtolitre	  or	  below,	  advantageous	  as	  detection	  efficiency	  is	  greatly	  increased.	  As	   with	   single	   molecule	   detection,	   electrical	   characterisation	   represents	   an	  alternative	   to	   fluorescence	   and	   optical	   methods.	   	   Electrochemical	   techniques	  have	  been	  used	  to	  measure	   the	  physical	  properties	  of	  droplets	   including	   their	  length,	   frequency	  and	  velocity,169,170	  as	  shown	  in	  Figure	   1.16.	   In	  addition,	   the	  study	   of	   bulk	   droplet	   contents	   has	   proven	   amenable	   to	   such	   methods.171	  However,	   reports	   of	   studies	   requiring	   molecular	   sensitivity	   using	  electrochemical	   detection	   in	   a	   segmented	   flow	   microfluidic	   device	   remain	  elusive,	  largely	  due	  to	  the	  speed	  of	  data	  acquisition	  and	  sensitivity	  required	  for	  such	  analysis.	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Figure	  1.16.	  	   (a)	   Schematic	   and	   (b)	   optical	   microscope	   image	   of	   a	   sensor	   used	   to	   measure	  droplet	  length	  or	  speed	  via	  changes	  in	  capacitance.	  (c)	  the	  measured	  capacitance	  signal	   during	   droplet	   passage,	   the	   corresponding	   up	   and	   down	   signals	   for	   a	  single	  droplet	  are	  highlighted.169	  	  The	  integration	  of	  proven	  nanopore	  technologies	  into	  the	  microfluidic	  channel	  offers	  the	  possibility	  of	  overcoming	  these	  analytical	  problems.	  However,	  in	  such	  integrations	   significant	   fabrication	   issues	   must	   be	   overcome;	   electrode	  incorporation,	  droplet	  piercing	  and	  the	  minimisation	  of	  disturbances	  to	  the	  flow	  profile	   are	   all	   issues	   that	   need	   to	   be	   addressed.	   Glass	   nanopores	   formed	   by	  pipette	  pulling	  offer	   a	   readily	  available	  method	  of	  droplet	   analysis;	   the	   sharp,	  nanometre	   scale	   pipette	   tips	   readily	   piercing	   droplets	   as	   they	   pass	   and	   the	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positioning	   of	   electrodes	   away	   from	   the	   microfluidic	   channel,	   preserving	   the	  flow	  profile.	  Whilst	   studies,	   using	   glass	   nanopores	   or	   any	   other	   technology,	   involving	   the	  electrical	   detection	   of	   single	   molecules	   in	   a	   segmented	   flow	   microfluidic	  platform	   remain	   elusive,	   the	   integration	   of	   nanopores	   with	   microfluidics	   for	  single	  molecule	   detection	   is	   not	   unknown.	   Single	  molecule	   detection	   via	   both	  biological172	   and	   inorganic	   nanopores173	   integrated	   into	   a	  microfluidic	   device	  has	   been	   demonstrated	   previously	   and,	   more	   recently,	   glass	   nanopores	   have	  been	   used	   to	   study	   translocations	   from	  microfluidic	   flows	   in	  more	   detail,	   see	  
Figure	  1.17.174	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1.6	  Thesis	  Outline	  
This	   thesis	   reports	   on	   the	   fabrication	   of	   a	   microfluidic	   device	   that	   uses	  integrated	   nanopipettes	   for	   the	   electrochemical	   detection	   of	   single	   biological	  molecules	   from	   a	   droplet	   flow.	   Such	   a	   device	   builds	   on	   successes	   already	  reported	  in	  the	  literature	  in	  the	  fields	  of	  droplet	  microfluidics	  and	  the	  detection	  of	  single	  molecules	  and	  their	  properties,	  providing	  a	  crucial	  stepping	  stone	  to	  a	  full	   “lab-­‐on-­‐a-­‐chip”	   device	   for	   the	   robust,	   high	   throughput	   detection	   of	  biomolecules	  outside	  of	  a	  traditional	  laboratory.	  The	   first	   part	   of	   this	   thesis	   deals	   with	   the	   production	   of	   droplets	   in	   a	  microfluidic	   device.	   Two	   methods	   of	   droplet	   generation	   are	   investigated;	   a	  conventional	  T-­‐junction	  geometry	  and	  a	  pipette	  integrated	  into	  the	  microfluidic	  channel.	  This	  thesis	  then	  progresses	  with	  the	  fabrication	  and	  characterisation	  of	  both	  individual	  nanopipettes	  and	  the	  integrated	  device	  as	  a	  whole,	  via	  electrical	  measurements	  and	  microscopy	  techniques.	  In	  addition,	  the	  modification	  of	  the	  nanopipette	  with	  atomic	  layer	  deposition	  to	  achieve	  a	  more	  sensitive	  device	  is	  briefly	   touched	   upon.	   The	   droplet	   generation	   properties	   of	   the	   integrated	  device	  are	  then	   investigated	  and	  compared	  to	  previous	  results,	  along	  with	  the	  stability	  of	  droplets	  as	  they	  pass	  through	  its	  sensing	  area.	  	  Subsequently,	   the	   physical	   characteristics	   of	   the	   droplets	   themselves	   are	  measured	   electronically	   with	   the	   device	   and	   compared	   to	   control	  measurements	   obtained	   optically.	   This	   thesis	   then	   investigates	   the	   use	   of	   the	  integrated	   device	   to	   distinguish	   between	   droplets	  with	   differing	   bulk	   analyte	  concentrations,	   before	   finally	   focusing	   on	   single	   molecule	   studies	   of	  translocations	  from	  within	  the	  droplet	  into	  the	  pipette.	  The	  outline	  of	  the	  thesis	  is	  as	  follows:	  
Chapter	  2	  provides	  a	  detailed	  description	  of	  the	  fabrication	  of	  both	  the	  pipettes	  themselves	  and	  the	  microfluidic	  devices	  they	  are	  contained	  in.	  The	  integration	  steps	   undertaken	   are	   documented	   as	   well	   as	   the	   electrochemical	   and	  microfluidic	   experimental	   set-­‐ups	   used	   throughout	   the	   thesis.	   Details	   of	   the	  solutions	  used	  during	  experiments	  are	  also	  contained	  herein.	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In	   Chapter	   3,	   two	   methods	   of	   droplet	   creation	   in	   a	   microfluidic	   device	   are	  presented.	   Firstly,	   droplets	   produced	   with	   a	   simple	   T-­‐junction	   geometry	   are	  characterised	   via	   their	   length	   and	   polydispersity	   across	   a	   range	   of	   flow	   rates	  and	   water	   fractions.	   Subsequently,	   the	   novel	   use	   of	   an	   integrated	   pipette	   in	  tandem	  with	  differing	   flow	  rates	   in	   the	  microfluidic	  channel,	  creating	  droplets	  across	   a	   wide	   range	   of	   volumes,	   is	   investigated.	   Here,	   the	   development	   and	  characterisation	  of	  a	  pipette	  for	  droplet	  creation	  is	  presented	  first,	  followed	  by	  analysis	   of	   the	   droplets	   themselves.	   Droplet	   volumes,	   reproducibility	   and	  generation	   frequency	   are	   all	   explored	   and	   the	   results	   compared	   to	   existing	  literature	  techniques	  for	  droplet	  generation.	  
Chapter	   4	   begins	   with	   the	   characterisation	   of	   single	   nanopipettes	   before	  discussing	  the	  integrated	  device	  in	  a	  similar	  manner.	  Finally,	  this	  chapter	  deals	  with	   the	  modification	   of	   glass	   nanopipettes	  with	   atomic	   layer	   deposition	   and	  the	  effects	  of	   this	   technique	  on	   the	   translocations	  of	   single	  molecules	  and	   the	  electrical	  noise.	  
Chapter	  5	  reports	  on	  the	  characterisation	  of	  microfluidic	  droplet	  generation	  in	  the	  integrated	  device	  and	  an	  investigation	  into	  the	  viability	  of	  droplets	  and	  the	  preservation	   of	   their	   status	   as	   ‘isolated	   microreactors’	   during	   their	   passage	  through	   the	   device.	   Subsequently,	   the	   measurement	   of	   droplet	   lengths	   is	  undertaken	  via	  both	  optical	  and	  electronic	  methods.	  
Chapter	   6	   uses	   the	   integrated	   device	   to	   probe	   droplet	   contents.	   Firstly	   the	  ability	  of	   the	  device	   to	  detect	   the	  bulk	  contents	  of	  droplets	   is	  proven	  with	  the	  measurement	   of	   differing	   KCl	   concentrations	   between	   droplets.	   Furthermore,	  the	  single	  molecule	  detection	  ability	  of	  the	  device	  is	  presented	  via	  the	  analysis	  of	  DNA	  translocations	  from	  within	  the	  droplet	  into	  the	  pipette.	  Finally,	   in	   Chapter	   7,	   the	   thesis	   concludes	   with	   a	   discussion	   of	   the	   results	  achieved,	  and	  an	  outlook	  on	  the	  work	  planned	  for	  the	  future.	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Materials	  and	  Methods	  
This	   chapter	   presents	   the	   experimental	   procedures	   for	   fabricating	   the	  nanopipettes	  and	  microfluidic	  components	  used	  in	  this	  thesis.	  These	  devices	  are	  used	  throughout	  for	  the	  development	  of	  novel	  methods	  of	  pipette	  modification,	  the	  fabrication	  of	  devices	  for	  the	  detection	  of	  single	  molecules	  from	  segmented	  flow	  microfluidics	  and	  the	  development	  of	  a	  new	  methodology	  for	  microfluidic	  droplet	  generation.	  Firstly,	   the	   fabrication	   of	   glass	   nanopores	   via	   pipette	   pulling	   and	   their	  subsequent	  modification	  is	  discussed	  before	  the	  focus	  shifts	  to	  the	  fabrication	  of	  microfluidic	   devices	   and	   the	   insertion	   of	   the	   nanopipettes.	   Subsequently	   the	  experimental	  apparatus	  used	  for	  both	  electrical	  measurements	  and	  generating	  and	   imaging	   fluid	   flows	   in	   the	   device	   is	   discussed.	   Finally	   the	   preparation	   of	  solutions	  used	  in	  the	  experiments	  presented	  in	  the	  thesis	  is	  considered.	  
2.1	  Nanopore	  Fabrication	  
Glass	   nanopores	   were	   pulled	   on	   a	   laser	   pipette	   puller	   (P2000,	   Sutter	  Instruments,	  USA)	  using	  quartz	  capillaries	   (Sutter	   Instruments).	  All	  capillaries	  contained	   a	   filament	   to	   ensure	   ease	   of	   filling	   via	   capillary	   action.	   The	  dimensions	  of	   the	  glass	  nanopore	  and	  the	  nanopipette	   itself	  can	  be	  controlled	  with	  variation	  of	  the	  five	  pulling	  parameters.	  2.1.1	  Parameters	  for	  Pipette	  Pulling	  
Once	  a	  capillary	  is	  clamped	  into	  the	  pipette	  pulling	  machine	  it	  is	  placed	  under	  a	  slight	  tensile	  stress	  before	  pulling	  begins.	  Subsequently,	  the	  capillary	  is	  heated	  before	  a	   larger	   tensile	   force	   is	  applied	  as	  a	   ‘hard	  pull’,	   forming	   two	   individual	  nanopipettes.	  The	  laser	  pipette	  puller	  allows	  control	  over	  the	  dimensions	  of	  the	  pipette	  produced	  via	   the	  variation	  of	   five	  pulling	  parameters:	  HEAT,	  FIL,	  VEL,	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DEL,	  and	  PULL.	  The	  HEAT	  parameter	  specifies	  the	  power	  output	  of	  the	  laser	  and	  consequently	   the	   amount	   of	   energy	   supplied	   to	   the	   quartz	   capillary.	   The	   FIL	  parameter	  specifies	  the	  scanning	  pattern	  of	  the	  laser	  beam	  across	  the	  capillary,	  defining	  the	  longitudinal	  length,	  rate	  and	  heat	  distribution	  of	  the	  scan.	  The	  VEL	  parameter	  specifies	  the	  extension	  velocity	  of	  the	  capillary,	  due	  to	  the	  initial	  tensile	  stress	  and	  laser	  heating,	  which	  must	  be	  obtained	  before	  the	  hard	  pull	   is	   executed.	   As	   the	   velocity	   in	   this	   circumstance	   is	   dependent	   on	   the	  viscosity	  of	  the	  glass,	  this	  parameter	  is	  an	  approximate	  method	  of	  defining	  the	  glass	   temperature	  before	   the	  hard	  pull.	  After	   the	  defined	  extension	  velocity	   is	  achieved	  the	  laser	  is	  deactivated.	  The	  DEL	  parameter	  then	  specifies	  the	  length	  of	  time	  after	  deactivation	  of	  the	  laser	  the	   ‘hard	  pull’	  occurs,	  whereas	  the	  PULL	  parameter	  specifies	  the	  strength	  of	  this	  pull.	  In	  general	  terms,	  increasing	  the	  HEAT,	  VEL	  and	  PULL	  parameters	  will	  increase	  the	  pipette	  taper	  length	  and	  decrease	  the	  size	  of	  the	  glass	  nanopore.	  Reducing	  the	   DEL	   parameter	   will	   also	   have	   this	   effect	   whereas	   a	   reduction	   in	   the	   FIL	  parameter	  is	  used	  to	  ensure	  the	  successful	  pulling	  of	  pipettes	  by	  increasing	  the	  power	  per	  unit	  length	  of	  capillary.	  It	  is	  commonly	  found	  that	  these	  parameters	  are	  highly	  machine	  and	  room	  temperature	  specific,	  hence	  the	  parameters	  cited	  in	  this	  thesis	  can	  only	  be	  used	  as	  a	  guide	  for	  pipette	  fabrication	  elsewhere.	  2.1.2.	  Nanopipette	  Handling	  and	  Filling	  
Nanopipettes	  as	   fabricated	  were	   fragile	   thus	  were	  either	  used	   immediately	  or	  stored	  in	  small	  plastic	  petri	  dishes	  (VWR),	  affixed	  in	  place	  with	  Blu-­‐Tack.	  Stored	  nanopipettes	  were	  exposed	  to	  plasma	  (PDC-­‐001,	  Harrick	  Plasma,	  USA)	  for	  five	  minutes	  to	  remove	  any	  contamination	  before	  experimentation.	  Nanopipettes	   were	   filled	   using	   pipette	   fillers	   (Microfil	   34	   Gauge,	   WPI)	   and	  syringes	  (1	  ml	  Luer,	  BD	  Plastipak).	  Often	  bubbles	  remained	  in	  the	  taper	  of	  the	  pipette	  after	  filling	  and	  were	  subsequently	  removed	  by	  either	  the	  application	  of	  negative	  pressure	  or	  rasping	  with	  serrated	  tweezers.	  	  
Materials	  and	  Methods	  
	  
Chapter	  2	   Page	  54	  
2.1.3.	  Atomic	  Layer	  Deposition	  and	  Nanopipettes	  
Atomic	   layer	   deposition	   of	   Al2O3	   was	   carried	   out	   by	   collaborators	   at	   the	  University	   of	  Minnesota.	   Nanopipettes	  were	   coated	  with	   various	   thickness	   of	  Al2O3	   at	   235°C	   using	   a	   commercially	   available	   ALD	   device	   (Savannah,	  Cambridge	   Nanotech,	   USA).	   Trimethyaluminium	   and	   water	   vapour	   were	  injected	   sequentially	   into	   the	   deposition	   chamber	   with	   a	   nitrogen	   purge	  between	  injections.	  A	  deposition	  rate	  of	  ~1.1	  Å	  per	  cycle	  was	  achieved.	  Silicon	  wafers	   were	   placed	   in	   the	   same	   chamber	   during	   the	   deposition	   steps	   and	  ellipsometry	   performed	   to	   determine	   the	   thickness	   of	   the	   deposited	   alumina	  layer	  and	  calibrate	  the	  process.	  
2.2	  Fabrication	  of	  the	  Microfluidic	  Device	  
Devices	  as	  presented	  in	  Chapters	  3	  to	  6	  required	  the	  production	  of	  microfluidic	  channels	  into	  which	  the	  nanopipettes	  were	  incorporated.	  Microfluidic	  channels	  were	  fabricated	  in	  poly(dimethysiloxane)	  (PDMS)	  on	  a	  glass	  slide	  due	  to	  optical	  transparency,	   cost	   and	   ease	   of	   fabrication.	   In	   this	   thesis,	   PDMS	   microfluidic	  devices	  are	  fabricated	  using	  traditional	  soft	  lithographic	  methods.1–3	  2.2.1	  Device	  Designs	  
Results	  presented	  in	  this	  thesis	  were	  obtained	  using	  three	  different	  microfluidic	  device	  geometries,	  designed	  using	  AutoCAD	  software.	  Droplet	  generation	  work,	  presented	   in	  Section	   3.1,	  was	  undertaken	  with	  a	  simple	  T-­‐junction	  geometry,	  illustrated	  in	  Figure	  2.1.	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Figure	  2.1.	  	   Overview	  of	  the	  geometry	  of	  the	  simple	  T-­‐junction	  device.	  Microfluidic	  channels	  were	  100	  µm	  wide	  in	  all	  areas	  except	  for	  those	  used	  in	  droplet	  generation	  where	  the	  channel	  width	  was	  50	  µm.	  Oil	  and	  aqueous	  phase	  flows	  entered	  the	  device	  on	  the	  left	  hand	  side,	  exiting	  on	  the	  right.	  Scale	  bar	  is	  1	  mm.	  
	  
The	   generation	   of	   droplets	   from	   an	   integrated	   pipette,	   as	   presented	   in	  
Chapter	  3,	  used	  a	  second	  geometry,	  Figure	  2.2.	  
	  
Figure	  2.2.	  	   The	  microfluidic	  device	  for	  the	  generation	  of	  droplets	  from	  an	  integrated	  pipette.	  Two	  access	  shafts	  remain	  despite	  the	  need	  to	  integrate	  only	  one	  pipette	  to	  help	  prevent	   the	   fouling	  of	   the	  pipette	   tip	  by	  PDMS	   from	   the	  opposite	   channel	  wall.	  Scale	  bar	  is	  1	  mm.	  
	  Finally,	  results	  presented	  in	  Section	  4.2	  and	  Chapters	  5	  and	  6,	  used	  a	  double	  nanopipette	   device	   and	   a	   slightly	   different	   geometry	   designed	   for	   droplet	  generation,	  see	  Figure	  2.3.	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Figure	  2.3.	  	   The	   geometry	   of	   the	   double	   nanopipette	   device.	   Channel	   geometries	   were	   the	  same	  as	  the	  simple	  T-­‐junction	  device	  but	  with	  the	  addition	  of	  two	  access	  shafts	  used	  to	  insert	  the	  glass	  nanopores	  into	  the	  microfluidic	  channel	  at	  the	  centre	  of	  the	  device.	  Scale	  bar	  is	  1	  mm.	  
	  To	   enable	   the	   production	   of	   microfluidic	   devices	   with	   these	   geometries,	  lithographic	  masters	  were	  produced	  on	  silicon	  wafers	  for	  all	  three	  designs.	  The	  production	  of	  these	  lithographic	  masters	  is	  described	  subsequently.	  2.2.2	  Fabrication	  of	  the	  Lithographic	  Master	  
SU-­‐8,	   a	   negative	   photoresist,	   is	   widely	   used	   in	   the	   fabrication	   of	   lithographic	  masters	   due	   to	   its	   high	   chemical	   and	   mechanical	   stability.4	   The	   main	  components	   of	   SU-­‐8	   are	   acid-­‐labile	   groups	   (a	   bisphenol	   A	   novolak	   epoxy	  ogliomer)	   and	   up	   to	   ~10%	   of	   a	   photoacid	   generator	   (triarylsulfonium	  hexafluoroantimonate	   salt).4	   Upon	   ultraviolet	   irradiation,	   the	   photoacid	  generator	  is	  transformed	  into	  an	  acid	  (hexafluoroantimonic	  acid)	  which	  acts	  as	  a	  catalyst	  for	  the	  cross	  linking	  reaction	  of	  the	  epoxy.	  The	   epoxy	   groups	   on	   the	   oligomer	   are	   protonated	   by	   the	   acid,	   with	   the	  application	   of	   heat	   allowing	   these	   protonated	   groups	   to	   react	   with	   neutral	  epoxides	  and	  create	  a	  cross	  linked	  structure.	  Each	  monomer	  molecule	  contains	  eight	   epoxy	   groups,	   hence	   a	   high	   degree	   of	   cross	   linking	   is	   obtained	   after	   a	  heating	   process,	   rendering	   exposed	   SU-­‐8	   stable	   and	   durable.5,6	   This	   process	  forms	  the	  basis	  for	  the	  production	  of	  lithographic	  masters.	  The	  first	  stage	  in	  a	  full	  fabrication	  of	  a	  lithographic	  master	  is	  the	  spin	  coating	  of	  the	  SU-­‐8	  photoresist	  on	  a	  silicon	  wafer.	  Silicon	  wafers	  were	  chosen	  due	  to	  SU-­‐
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8’s	   excellent	   adhesion	   to	   the	  material.7	   Lithographic	  masters	  were	   created	  on	  four	   inch	  <100>	   silicon	  wafers	  with	   a	   thickness	   of	   525	  µm	   (IDB	  Technologies	  Ltd,	   UK).	   SU-­‐8	   negative	   photoresist	   (Microchem,	   Chestech	   Ltd,	   UK)	   was	   then	  spin	   coated	   on	   to	   the	   wafer.	   The	   thickness	   of	   the	   SU-­‐8	   layer	   obtained	   is	  dependent	  on	  the	  photoresist’s	  viscosity	  and	  the	  spin	  speed	  applied	  to	  coat	  the	  wafer.8	  For	  the	  devices	  presented	  in	  this	  thesis	  a	  channel	  depth	  of	  100	  µm	  was	  required,	   thus	   SU-­‐8	   50	   was	   chosen	   as	   the	   photoresist	   for	   lithographic	  fabrication.	  2	  ml	   of	   the	   SU-­‐8	   was	   poured	   onto	   the	   wafer	   inside	   a	   spin	   coater	   (Fairchild	  Convac	  GmbH,	  Germany).	  An	  initial	  spin	  speed	  of	  500	  rpm	  was	  applied	  for	  ten	  seconds	   to	   spread	   the	   SU-­‐8	   over	   the	   entire	  wafer,	   before	   the	   spin	   speed	  was	  increased	  to	  1000	  rpm	  at	  an	  acceleration	  rate	  of	  300	  rpm	  per	  second.	  The	  wafer	  was	  then	  held	  at	  this	  speed	  for	  one	  minute	  to	  achieve	  a	  photoresist	  thickness	  of	  100	  µm.	  The	  SU-­‐8	  wafer	  was	  then	  soft	  baked	  at	  65	  °C	  for	  ten	  minutes	  and	  then	  at	  95	  °C	  for	  thirty	  minutes	  to	  evaporate	  the	  solvent	  from	  the	  SU-­‐8	  film.	  After	  soft	  baking	  the	  wafer,	  the	  next	  stage	  in	  the	  production	  of	  the	  lithographic	  master	  was	  the	  exposure	  of	  the	  wafer	  to	  ultraviolet	  light.	  An	  acetate	  photo	  mask	  (Microlitho,	   UK)	   was	   placed	   on	   top	   of	   the	   SU-­‐8	   coated	   wafer	   allowing	   the	  selective	   exposure	   of	   the	   photoresist	   to	   ultraviolet	   light	   (Model	   30,	   Optical	  Associates	   Inc,	   USA).	   Filtering	   of	   the	   UV	   light	   source	   to	   remove	   wavelengths	  below	   350	  nm	   was	   undertaken	   to	   prevent	   the	   formation	   of	   a	   skin	   on	   the	  photoresist.9,10	   For	   100	  µm	   features,	   the	   exposure	   process	  was	   performed	   for	  twelve	  seconds	  at	  an	  intensity	  of	  20	  mW	  cm-­‐2.	  The	  wafer	  was	  then	  post	  baked	  at	  65	  °C	  for	  one	  minute	  then	  at	  95	  °C	  for	  ten	  minutes	  to	  enhance	  the	  cross	  linking	  in	  the	  areas	  of	  exposed	  SU-­‐8.	  As	  a	  result,	  the	  exposed	  SU-­‐8	  areas	  on	  the	  wafer	  were	  highly	  stable	  and	  did	  not	  dissolve	  during	  the	  development	  process.	  Development	   of	   the	   processed	   photoresist	   was	   undertaken	   using	   an	   SU-­‐8	  developer	   consisting	   of	   2-­‐methoxy-­‐1-­‐methylethyl	   acetate	   (Microposit	   EC	  solvent,	  Chestech,	  UK).	  Wafers	  were	  immersed	  in	  the	  developer	  for	  ten	  minutes,	  dissolving	  the	  unexposed	  SU-­‐8,	  before	  being	  rinsed	  with	  isopropanol,	  followed	  by	  water	  and	   then	   finally	  dried	  with	  nitrogen	  gas.	   If	   any	  unexposed	  SU-­‐8	  was	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still	  present	  on	  the	  wafer	  after	  development	  a	  white	  residue	  appeared	  when	  it	  was	  rinsed	  with	  isopropanol.	  In	  these	  situations	  the	  wafer	  was	  placed	  back	  into	  the	  developer	  and	  left	  to	  develop	  further	  until	  no	  residue	  was	  present	  after	  the	  isopropanol	  rinse.	  The	   final	   stage	   in	   the	   production	   of	   the	   lithographic	   masters	   was	   the	  silanisation	   of	   the	  wafer.	  Masters	  were	   silanised	   by	   exposing	   the	  wafers	   to	   a	  silane	  vapour	  (Trichloro(1H,1H,2H,2H-­‐perfluorooctyl)silane,	  Sigma	  Aldrich)	  for	  twenty	  minutes	  under	  vacuum.	  This	  step	  in	  the	  fabrication	  process	  was	  found	  to	  be	  crucial	   in	  the	  prevention	  of	  poured	  PDMS	  adhering	  to	  the	  wafer	  during	  the	  curing	   process,	   ruining	   both	   the	   devices	   and	   the	   lithographic	   master	   itself.11	  Completed	  masters	  used	  the	  SU-­‐8	  remaining	  on	  the	  wafer	  to	  define	  the	  desired	  channel	  structure	  in	  the	  PDMS,	  serving	  as	  a	  reusable	  master	  for	  the	  rapid	  batch	  production	  of	  microfluidic	  devices,	  as	  outlined	  in	  the	  next	  section.	  2.2.3	  PDMS	  Casting	  
After	  successful	  fabrication	  of	  a	  lithographic	  master,	  PDMS	  microfluidic	  devices	  were	  produced	   in	  a	  batch	  production	  process.	  To	  prepare	  PDMS	  devices	   from	  the	   master	   the	   base	   (tetra(trimethylsiloxy)silane)	   and	   the	   curing	   agent	  (tetramethyltetravinylcyclotetrasiloxane)	   from	   a	   SYLGARD	   184	   elastomer	   kit	  (Dow	   Corning	   Ltd,	   UK)	   were	   thoroughly	   mixed	   using	   a	   weight	   ratio	   of	   10:1.	  After	  mixing,	   the	  PDMS	  was	  degassed	  under	  vacuum	  for	  thirty	  minutes	  before	  being	  poured	  onto	   the	  SU-­‐8	  master,	   contained	   in	   a	  petri	   dish	   (VWR,	  UK),	   and	  cured	  at	  65	  °C	  overnight.	  The	  solidified	  PDMS	  could	  then	  be	  cut	  with	  a	  scalpel,	  peeled	  from	  the	  lithographic	  master	  and	  was	  ready	  for	  subsequent	  modification	  and	  bonding	  to	  a	  chosen	  substrate.	  2.2.4	  Microfluidic	  Device	  Assembly	  
Following	  the	  removal	  of	   the	  PDMS	  replica	   from	  the	  master,	   fabrication	  of	   the	  microfluidic	  device	  was	  undertaken.	   Inlets	   and	  outlets	   for	   the	   fluid	   flow	  were	  punched	   into	   the	  device	  using	  1	  mm	  biopsy	  punches	   (Kai	  Medical,	   Japan)	  and	  the	  access	  channels	  for	  pipette	  insertion	  were	  opened	  with	  a	  scalpel,	  if	  required.	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To	   seal	   the	   microfluidic	   channels,	   processed	   PDMS	   replicas	   were	   affixed	   to	  1	  mm	   thick	   glass	   slides.	   Glass	   slides	   were	   cleaned	   by	   sonication	   in	   distilled	  water	   for	   five	   minutes	   before	   washing	   with	   ethanol	   and	   subsequent	   drying	  under	  a	  stream	  of	  nitrogen.	  Glass	  slides	  were	  then	  bonded	  to	  the	  PDMS	  replicas	  via	   plasma	   oxidation	   bonding.	   The	   glass	   slides	   and	   PDMS	   replicas	   were	   then	  exposed	   to	   plasma	   for	   thirty	   seconds	   (PDC-­‐001,	   Harrick	   Plasma,	   USA)	   before	  being	   pressed	   together,	   allowing	   bonding	   to	   take	   place	   and	   the	   microfluidic	  channels	  to	  seal.	  Fabricated	  devices	  were	  then	  stored	  at	  65	  °C	  for	  a	  minimum	  of	  two	  hours	  to	  increase	  the	  strength	  of	  the	  bonding	  between	  the	  glass	  and	  PDMS.	  The	  full	  fabrication	  process	  of	  a	  microfluidic	  device	  is	  illustrated	  in	  Figure	  2.4.	  
	  
Figure	  2.4.	  	   A	  schematic	  diagram	  describing	  the	  fabrication	  of	  a	  lithographic	  master	  as	  a	  mould	  for	  PDMS	  stamping	  and	  subsequent	  device	  assembly.	  
	  2.2.5	  Pipette	  Insertion	  
Devices	  used	  in	  Chapters	  3,	  4,	  5	  and	  6	  of	  this	  thesis	  required	  the	  insertion	  of	  pipettes	   into	   the	   microfluidic	   channel.	   Pipettes,	   pre-­‐filled	   with	   solutions	   as	  described	   in	   Section	   2.1.2,	   were	   inserted	   by	   hand	   into	   the	   device	   such	   that	  their	   tips	   were	   in	   the	   centre	   of	   the	   microfluidic	   channel,	   as	   imaged	   in	  
Figure	  2.5.	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Figure	  2.5.	  	   An	   image	  showing	   the	   insertion	  of	   a	  nanopipette	   into	   the	  microfluidic	   channel.	  Scale	  bar	  is	  1	  cm.	  
	  After	   insertion	  of	   the	  pipettes,	   the	  access	   channels	  were	   sealed	  with	   two	  part	  silicone	  rubber	  (00-­‐30	  silicone	  rubber	  compound,	  Ecoflex,	  USA),	  cured	  rapidly	  on	   a	   hot	   plate	   set	   at	   65	  °C	   to	   prevent	   blockage	   of	   the	  microfluidic	   channel.	   A	  photograph	  of	  a	  typical	  double	  nanopipette	  device	  is	  included	  in	  Figure	  2.6.	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Figure	  2.6.	  	   A	  photograph	  of	  a	  typical	  double	  nanopipette	  PDMS	  device.	  The	  configuration	  of	  the	  device	  consists	  of	  a	  1	  mm	  microscope	  bonded	  to	  the	  PDMS	  replica	  produced	  from	  the	  lithographic	  master.	  	  
2.3	  The	  Electrochemical	  Set-­‐Up	  
Electrochemical	   measurements	   were	   carried	   out	   throughout	   the	   thesis	   for	  various	   characterisation	   purposes	   including	   the	   characterisation	   of	   single	  nanopipettes,	   the	   characterisation	   of	   the	   double	   nanopipette	   device	   and	   the	  determination	  of	  droplet	  contents	  at	  both	  the	  bulk	  and	  single	  molecule	  level.	  In	  all	  experiments	  both	  the	  reference	  and	  counter	  electrodes	  were	  silver	  wire	  with	  a	  silver	  chloride	  coating,	  their	  fabrication	  detailed	  in	  Section	  2.3.2.	  The	   electrochemical	   experiments	   undertaken	   required	   sensitive	   electrical	  equipment	  to	  measure	  the	  currents	  passed	  by	  individual	  devices	  and	  deviations	  in	   this	   current	   due	   to	   translocation	   events.	   As	   such	   bias	   were	   applied	   and	  currents	  measured	  with	   an	  Axopatch	  200b	   low	  noise	   current	   amplifier	   (Axon	  Instruments,	   USA)	   in	   the	   voltage	   clamp	   mode.	   Data	   was	   low-­‐pass	   filtered	   at	  10kHz	  using	  the	  amplifier’s	  built	  in,	  8	  pole,	  Bessel	  filter	  before	  the	  output	  signal	  was	  sent	  to	  a	  Digidata	  1440A	  data	  acquisition	  module	  (Axon	  Instruments,	  USA).	  Subsequently,	  data	  was	  digitized	  at	  50	  kHz	  and	  recorded	  using	  pCLAMP	  10.l2	  software	   before	   analysis	   was	   carried	   out	   using	   Clampfit	   10.2	   and	   MATLAB	  2013a.	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2.3.1	  The	  Faraday	  Enclosure	  
All	   electrical	   experiments	   were	   carried	   out	   in	   a	   Faraday	   cage	   to	   shield	   the	  acquisition	  electronics	   from	  external	  electrical	  noise.	  Aluminium	  boxes,	  ~80	  x	  60	  x	  40	  cm	  in	  size,	  with	  side	  walls	  ~2	  mm	  thick	  and	  wrapped	  in	  copper	  mesh	  were	   used	   throughout	   the	   thesis.	   During	   low	   current	   measurements,	   the	  Faraday	  cage	  was	  grounded	  via	  the	  common	  ground	  in	  the	  Axopatch.	  Whilst	  a	  single	  Faraday	  cage	  was	  effective	  at	  isolating	  the	  system	  from	  external	  noise,	  a	  second	  Faraday	  cage	  was	  used	  to	  shield	  devices	  inside	  the	  first	  cage	  to	  reduce	  noise	  still	  further.	  Vibration	   isolation	  was	   also	   an	   important	   consideration	   in	   these	   experiments	  with	   the	   passage	   of	   vibrations	   from	   external	   sources	   through	   the	   laboratory	  bench	  and	  into	  the	  device,	  resulting	  in	  substantially	  increased	  noise,	  remaining	  a	  possibility.	  As	  such,	  Faraday	  cages	  were	  mounted	  on	  vibration	  isolation	  tables	  with	   fabricated	   electrodes	   made	   as	   short	   as	   possible	   and	   firmly	   secured	   to	  prevent	  their	  vibration.	  2.3.2	  Preparation	  of	  Electrodes	  
In	  these	  electrical	  studies	  silver/silver	  chloride	  (Ag/AgCl)	  electrodes	  were	  used	  in	  conjunction	  with	  KCl	  rich	  solutions	  for	  the	  transport	  of	  ions	  across	  the	  pore.	  Ag/AgCl	  electrodes	  are	  non-­‐polarisable	  and	  as	  such	  will	  not	  deviate	  from	  their	  equilibrium	  potential	  even	  with	  the	  application	  of	  a	  large	  current	  density.	  This	  behaviour	   is	   observed	   as	   charge	   is	   transferred	   across	   the	   boundaries	   of	   the	  electrode	  by	  a	  reversible	  redox	  reaction,	  an	  extremely	  fast	  process	  resulting	  in	  an	  almost	  infinite	  exchange	  current	  density.	  While	  the	  Ag/AgCl	  electrodes	  are	  reversible,	  under	  a	  constant	  applied	  potential	  there	  is	  one	  dominant	  reaction	  for	  each	  electrode:	  
• At	  the	  anode:	  	  	  	  	  	  	  	  	  𝐴𝑔(!) + 𝐶𝑙! → 𝐴𝑔𝐶𝑙(!) + 𝑒!	  
• At	  the	  cathode:	  	  	  	  	  𝐴𝑔𝐶𝑙(!) + 𝑒! → 𝐴𝑔(!) + 𝐶𝑙!	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Ag/AgCl	   electrodes	  were	   employed	   in	   all	   electrical	   experiments	   presented	   in	  this	   thesis	   due	   to	   their	   long-­‐term	   chemical	   stability	   and	   excellent	   low-­‐noise	  electrical	  performance.12	  Ag/AgCl	  electrodes	  were	  prepared	  from	  Ag	  wire	  (125	  µm	  diameter,	  Goodfellow,	  UK)	  by	  chlorodisation	  in	  2M	  HCl	  solution	  using	  platinum	  wire	  (1	  mm	  diameter,	  Goodfellow,	   UK)	   as	   the	   counter/reference	   electrode.	   This	   was	   the	   preferred	  approach	   as	   the	   thickness	   of	   the	   AgCl	   coating	   could	   be	   easily	   controlled,	  resulting	   in	   a	   high	   level	   of	   reproducibility.	   Before	   chlorodisation	   electrodes	  were	   thoroughly	   cleaned	   and	   roughened	   by	   abrasion	   using	   emery	   paper.	  Afterwards,	  electrodes	  were	  rinsed	  with	  distilled	  water	  to	  remove	  residual	  HCl.	  Produced	  electrodes	  were	   then	   stored	   in	  1	  M	  KCl	   in	   the	  dark	   to	  prevent	   their	  degradation13	   and	   conversion	   of	   AgCl	   back	   to	   Ag	   by	   ultraviolet	   light.	   Good	  electrodes	  were	  observed	  to	  have	  a	  rough	  texture	  and	  a	  salmon	  pink	  colour.	  Immediately	   before	   experiments,	   electrodes	   were	   electrically	   balanced	   in	  solutions	   of	   the	   experimental	   buffer	   using	   the	   pipette	   offset	   function	   of	   the	  Axopatch	   amplifier.	   Little	   adjustment	   was	   required	   for	   well-­‐produced	  electrodes,	  and	  along	  with	   the	   flaking	  of	   the	  AgCl	  coating,	  a	  need	  to	  rebalance	  the	  potential	  offset	  was	  taken	  as	  an	  indication	  to	  replace	  the	  electrodes	  with	  a	  fresh	  pair.	  
2.4	  The	  Microfluidic	  Set-­‐Up	  
The	   majority	   of	   experiments	   presented	   in	   this	   thesis	   required	   fluids	   to	   be	  flowed	   through	   the	   microfluidic	   device	   at	   a	   precisely	   controlled	   rate.	   In	  addition,	  imaging	  droplets	  moving	  at	  rates	  of	  up	  to	  830	  mm	  s-­‐1	  was	  undertaken,	  requiring	   the	   use	   of	   a	   high	   speed	   video	   camera.	   The	   experimental	   apparatus	  used	  to	  enable	  these	  investigations	  to	  be	  performed	  is	  described	  in	  this	  section.	  2.4.1	  Syringe	  Pumps	  
All	   solutions	   were	   pumped	   into	   devices	   via	   syringe	   pump	   (P-­‐2000,	   Harvard	  Apparatus,	   USA)	   at	   flow	   rates	   between	   1	   and	   500	  µl	  min-­‐1.	   Gastight	   syringes	  (SGE	  Europe	  Ltd,	  UK)	  were	  placed	   in	   the	  syringe	  pumps	  and	  connected	  to	   the	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microfluidic	   device	   via	   polyethylene	   tubing	   (Harvard	   Apparatus,	   USA).	   The	  tubing	   used	   had	   an	   internal	   diameter	   of	   0.38	  mm	   and	   an	   outer	   diameter	   of	  1.09	  mm	   and	   was	   a	   tight	   fit	   in	   the	   1	   mm	   fluid	   inlets	   in	   the	   PDMS	   device,	  preventing	   any	   fluid	   leakage.	   In	   devices	   presented	   in	   Chapter	   3,	   the	  polyethylene	  tubing	  was	  attached	  to	  the	  integrated	  pipette	  via	  a	  connecting	  link	  of	  secondary	  polyethylene	  tubing	  with	  an	  internal	  diameter	  of	  1.02	  mm,	  shown	  in	  Figure	  2.7.	  
	  
Figure	  2.7.	  	   A	  photograph	  of	  a	  microfluidic	  device	  and	  the	  linkage	  between	  the	  PTFE	  tubing	  and	  the	  integrated	  pipettes,	  used	  in	  devices	  as	  presented	  in	  Chapter	  3.	  
	  For	   experiments	   involving	   both	   fluid	   flows	   and	   electrical	   measurement	   the	  polyethylene	  tubing	  outside	  of	  the	  Faraday	  cage	  was	  made	  as	  short	  as	  possible	  and	   shielded	   using	   aluminium	   foil.	   This	  was	   found	   to	   reduce	   electrical	   noise,	  preventing	   the	   filled	   tubing	   acting	   as	   antenna,	   picking	   up	   noise	   from	   the	  surrounding	  environment.	  2.4.2	  The	  High	  Speed	  Camera	  
Droplets	   produced	   in	   the	   microfluidic	   devices	   were	   imaged	   by	   high	   speed	  camera	   (Phantom	   v5.1	   Vision	   Research,	   USA)	   connected	   to	   an	   Olympus	   IX71	  Microscope	  (Olympus	  UK	  Ltd,	  UK)	  using	  10x	  and	  100x	  objective	  lenses.	  Videos	  of	  devices	   in	  operation	  were	  captured	  at	  between	  100	  and	  20,000	   frames	  per	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second	  (fps)	  with	  all	  image	  analysis	  carried	  out	  via	  Image-­‐J.	  The	  full	  high	  speed	  camera	  set-­‐up,	  including	  syringe	  pumps,	  is	  depicted	  in	  Figure	  2.8.	  
	  
Figure	  2.8.	  	   The	   high	   speed	   camera	   set	   up,	   including	   syringe	   pumps,	   used	   throughout	   this	  thesis.	   	  
2.5	  Microfluidic	  Solutions	  
In	   the	  work	  presented	   in	   this	   thesis,	  microfluidic	  devices	  were	  used	   to	   create	  segmented	   flows	  using	   two	  basic	   solutions:	   an	  aqueous	  phase	  of	  buffered	  KCl	  and	  a	  fluorinated	  oil	  phase	  based	  on	  FC-­‐40.	  The	  preparation	  of	  these	  solutions	  is	  presented	  here,	  with	  any	  changes	   to	   these	  basic	  solutions	  mentioned	   in	   the	  relevant	  section.	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2.5.1	  Tris-­‐HCl,	  EDTA	  and	  KCl	  Solution	  
Buffered	   solutions	   of	   KCl	   were	   prepared	   using	   high	   impedance	   deionised	  ultrapure	   water	   (resistivity	   18.5	  MΩ	  cm	   at	   20	  ±	   2	   °C),	   KCl	   (≥99.9%,	   Sigma	  Aldrich,	  UK),	  Trizima	  base	  (Tris-­‐base,	  Sigma	  Aldrich,	  UK)	  and	  ethylene	  diamine	  tetra-­‐acetic	   acid	   (EDTA,	   Sigma	   Aldrich,	   UK).	   Due	   to	   the	   sensitivity	   of	  measurements	  undertaken	  all	  buffer	  components	  were	  of	   the	  highest	  possible	  purity.	  To	  form	  the	  required	  buffer	  solutions,	  the	  KCl,	  Tris	  and	  EDTA	  were	  weighed	  on	  a	   four	   figure	   analytical	   balance	   (ABS265-­‐s,	   Mettler-­‐Toledo,	   UK)	   and	   left	   to	  dissolve	  in	  ultrapure	  water	  for	  one	  hour	  on	  a	  magnetic	  stirring	  plate	  to	  ensure	  all	  crystals	  were	  fully	  dissolved.	  Solutions	  had	  KCl	  concentrations	  between	  0.01	  and	  2M	  but	  always	  contained	  10	  mM	  Tris-­‐HCl	  and	  1	  mM	  EDTA	  to	  protect	  any	  DNA,	   if	   added,	   from	   degradation.	   Once	   all	   components	   of	   the	   buffer	   had	  dissolved	   the	   pH	   of	   the	   solution	  was	   checked	   (S20	   pH	  meter,	  Mettler-­‐Toledo,	  UK)	   and	   adjusted	   to	   pH	   8.0	   using	   hydrochloric	   acid	   (HCl,	   Sigma	  Aldrich,	   UK).	  Solutions	  were	  then	  stored	  at	  4	  ±	  1	  °C	  and	  filtered	  through	  0.2	  µm	  syringe	  filters	  (Acrodisc,	  Pall	  Corporation,	  USA)	  to	  remove	  any	  large	  particulate	  contamination	  before	  use.	  2.5.2	  Fluorinated	  Oil	  Solution	  
Fluorinated	   oil	   (FC-­‐40	   Fluorinert,	   Sigma	   Aldrich,	   UK)	   was	   used	   as	   the	  continuous	   phase	   in	   all	   segmented	   microfluidics	   experiments.	   FC-­‐40	   oil	   was	  mixed	   with	   2.5	  %	   by	   weight	   surfactant14	   for	   five	   minutes	   on	   a	   vortex	   mixer	  (SA8,	   Stuart,	   UK)	   to	   ensure	   a	   homogenous	   liquid.	   Surfactant	   was	   added	   to	  reduce	   the	   surface	   tension	   between	   the	   oil	   and	   aqueous	   phases,	   preventing	  droplet	  coalescence.	  The	  oil	  phase	  was	  stored	  at	  room	  temperature,	  20	  ±	  2	  °C,	  and	  was	  filtered	  through	  0.2	  µm	  syringe	  filters	  (Acrodisc,	  Pall	  Corporation,	  USA)	  before	  use	  to	  remove	  particulate	  contaminants.	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Approaches	  to	  Droplet	  Production	  
in	  a	  Microfluidic	  Device	  
Microfluidic	   droplets	   have	   always	   been	   a	   central	   tool	   of	   the	   lab-­‐on-­‐a-­‐chip	  platform.	   Such	   devices	   offer	   key	   advantages	   in	   that	   they	   reduce	   problems	   of	  adsorption	  and	   interaction	   in	   the	  microfluidic	  device	  as	  well	   as	  enabling	  each	  droplet	  to	  be	  considered	  an	  isolated	  microreactor.1	  It	  is,	  then,	  unsurprising	  that	  many	  studies	  have	  focused	  on	  the	  creation	  of	  microfluidic	  droplets	  at	  a	  variety	  of	   different	   scales.	  Droplets	   in	   the	   picolitre	   and	   low	  nanolitre	   range	   are	  most	  commonly	   seen	   in	   the	   literature,2–4	   although	   femtolitre	   droplets	   are	   also	   of	  interest.5–7	  	  The	   creation	   of	   droplets	   in	   the	   picolitre	   and	   low	   nanolitre	   range	   is	   typically	  undertaken	  either	  with	  T-­‐junction8–11	  or	  flow	  focusing	  geometries.12–14	  In	  both	  these	  cases,	  the	  mechanisms	  of	  droplet	  creation	  are	  well	  characterised15–18	  and	  the	   production	   of	   highly	   monodisperse	   droplets	   is	   commonly	   seen	   in	   the	  literature.19–21	  On	  the	  other	  hand,	  approaches	  used	  to	  produce	  femtolitre	  scale	  droplets	  are	  far	  more	  diverse.	  Whilst	  droplets	  on	  this	  scale	  can	  still	  be	  created	  using	   flow	  focusing	  techniques,22	  many	  other	  approaches	  are	  presented	   in	  the	  literature	  including	  the	  diffusion	  of	  droplet	  material	  into	  the	  microfluidic	  chip,5	  the	  multiple	  splitting	  of	  individual	  droplets6	  and	  shape	  induced	  shear.7	  At	  these	  scales	   excellent	   droplet	   monodispersity5,22	   and	   GHz	   production	   rates22	   are	  possible,	   though	   devices	   currently	   presented	   in	   the	   literature	   are	   not	   a	  complete	  solution.	  The	  ideal	  device	  would	  be	  able	  to	  produce	  droplets	  on-­‐demand,	  across	  a	  wide	  range	  of	  sizes	  and	  with	  excellent	  monodispersity.	  Currently	  no	  literature	  device	  offers	   all	   three	   of	   these	   advantages,	   often	   producing	   droplet	   volumes	   across	  only	  a	  single	  order	  of	  magnitude	  or	  generation	  that	  is	  not	  truly	  on-­‐demand.	  In	  addition,	   there	  are	  often	  additional	   complications	  such	  as	   the	  requirement	   for	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complex	  lithography	  during	  device	  fabrication.7	  As	  such,	  after	  a	  characterisation	  of	  droplet	  generation	  in	  a	  traditional	  T-­‐junction	  device	  this	  chapter	  presents	  a	  new	   methodology	   for	   on-­‐demand	   droplet	   generation,	   using	   a	   quartz	   pipette	  inserted	  into	  a	  microfluidic	  channel	  in	  a	  simple	  fabrication	  process.	  The	  droplet	  generation	  abilities	  of	   this	  device	   in	   terms	  of	  monodispersity,	  production	   rate	  and	  size	  range	  are	  compared	  to	  the	  literature	  and	  the	  simple	  T-­‐junction	  device,	  highlighting	   the	   advantages	   and	   disadvantages	   of	   this	   method	   of	   droplet	  generation.	  
3.1	  Droplet	  Production	  in	  a	  T-­‐Junction	  Device	  
Here	   the	   fundamentals	  of	   segmented	   flow	  microfluidics	   in	  a	  T-­‐junction	  device	  are	   investigated	   with	   the	   variation	   of	   two	   important	   parameters,	   the	   water	  fraction	  (Wf)	  and	  the	  flow	  velocity.	  An	  understanding	  of	  these	  parameters	  and	  their	   influence	   on	   droplet	   size	   and	   reproducibility	   is	   then	   used	   to	   define	   the	  optimum	  operating	  conditions	  for	  the	  device.	  Preliminary	   studies	   of	   droplet	   formation	   were	   carried	   out	   using	   the	   device	  depicted	   in	   Figure	   2.1,	   the	   microfluidic	   set-­‐up	   detailed	   in	   Section	   2.4	   and	  solutions	   as	   described	   in	   Section	   2.5.	   Droplets	   were	   generated	   with	   a	   T-­‐junction	   geometry	   containing	   one	   aqueous	   and	   one	   oil	   inlet	   as	   seen	   in	  
Figure	  3.1.	  
	  
Figure	  3.1.	  	   Droplet	  visualisation	  using	  buffered	  1	  M	  KCl	  and	  FC-­‐40	  Oil.	  Microfluidic	  channels	  were	  100	  µm	  deep,	  100	  µm	  wide	  and	  ~5	  mm	  long.	  In	  the	  area	  of	  the	  T-­‐junction,	  both	  microfluidic	   channels	   narrowed	   to	   50	  µm.	   In	   the	   image	   a	   flow	   velocity	   of	  25	  mm	  s-­‐1	   and	  Wf	   of	   0.5	  were	   used.	   This	   image	  was	   taken	   using	   a	   high	   speed	  camera	  operating	  at	  1000	  fps	  and	  an	  exposure	  time	  of	  10	  µs.	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3.2	  Investigating	  Wf	  and	  Flow	  Velocity	  
In	  a	  segmented	  flow	  microfluidic	  device,	  droplets	  can	  be	  produced	  reliably	  and	  reproducibly	   at	   a	   wide	   range	   of	   water	   fractions,	  Wf.23	   However,	   typical	   flow	  velocities	  for	  droplet	  creation	  are	  usually	  far	  greater	  than	  those	  required	  for	  a	  workable	  droplet	  analysis	  time	  by	  the	  double	  nanopipette	  structure.	  Therefore,	  initial	   droplet	   studies	   were	   undertaken	   to	   investigate	   droplet	   formation	   and	  stability	  at	  a	  range	  of	  values	  of	  the	  water	  fraction	  at	  lower	  flow	  velocities.	  3.2.1	  Characterising	  Droplet	  Length	  
Droplet	   studies	   were	   carried	   out	   between	  Wf	   values	   of	   0.1	   and	   0.8	   and	   flow	  velocities	   from	   1.5	  mm	  s-­‐1	   up	   to	   33	   mm	   s-­‐1	   to	   find	   the	   limits	   of	   droplet	  generation	  in	  the	  device	  under	  these	  experimental	  conditions.	  Figure	  3.2	  shows	  droplets	  generated	  at	  different	  values	  of	  Wf,	  but	  the	  same	  total	  flow	  velocity.	  As	  seen	  in	  Figure	  3.2,	  droplet	  sizes	  can	  be	  precisely	  controlled	  by	  changing	  Wf:	  a	  higher	  value	  of	  Wf	  results	  in	  a	  longer	  droplet	  length.	  The	  variation	  in	  droplet	  length	  as	  a	  function	  of	  flow	  velocity	  and	  Wf	  is	  presented	  in	   Figure	   3.3.	   The	   lengths	   of	   one	   hundred	   droplets	   were	   measured	   at	   each	  experimental	   condition	   to	   ascertain	   the	   distribution	   of	   droplet	   lengths.	  
Figure	  3.3	  demonstrates	  that	  the	  average	  droplet	  length	  is	  independent	  of	  the	  flow	  velocity	  when	  Wf	  is	  fixed.	  This	  is	  expected	  as	  the	  volumetric	  ratios	  between	  the	  oil	  and	  aqueous	  solutions	   introduced	   into	  the	  microfluidic	  channel	  remain	  constant	   at	   each	   of	   the	   flow	   velocities.	   Figure	   3.3	   indicates	   that	   the	   droplet	  length	   in	   this	   range	   of	   flow	   velocities	   depends	   linearly	   on	  Wf.	   Increasing	  Wf	  allows	  more	  of	  the	  aqueous	  solution	  to	  flow	  into	  the	  microfluidic	  channel	  before	  it	   is	  broken	  off	   to	   form	  a	  droplet	  by	   the	  oil	   stream.	  The	  results	  obtained	   from	  these	  investigations	  are	  in	  excellent	  agreement	  with	  previous	  studies.23	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Figure	  3.2.	  	   Images	  of	  droplets	   formed	  at	  different	  Wf	  values.	  Droplets	  were	  generated	  at	  a	  total	   flow	  velocity	  of	  25	  mm	  s-­‐1.	  All	  microfluidic	   channels	  are	  100	  µm	  wide	  and	  deep.	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Figure	  3.3.	  	   Droplet	   length	  as	  a	   function	  of	   flow	  velocity	  and	  water	   fraction.	  Droplet	   length	  remains	  constant	  for	  a	  given	  Wf	  independent	  of	  flow	  rate.	  	  3.2.2	  Flow	  Velocity,	  Wf	  and	  Droplet	  Reproducibility	  
During	   experimentation	   it	   was	   noted	   that	   at	   lower	   flow	   velocities	   and	   more	  extreme	   values	   of	   Wf,	   droplet	   generation	   became	   unstable.	   At	   a	   Wf	   of	   0.9,	  droplet	   generation	   was	   not	   stable	   at	   any	   measured	   flow	   velocity	   with	  continuous	  laminar	  flow	  occurring	  in	  most	  devices.	  At	  a	  flow	  velocity	  of	  5	  mm	  s-­‐1	   droplet	   generation	   at	  Wf	   values	   of	   0.1	   and	  0.8	   became	  unstable,	   at	   4	  mm	  s-­‐1	  droplet	   generation	   at	   Wf	   	   =	   0.2	   became	   unstable	   and	   at	   1.5	   	  mm	  s-­‐1	   droplet	  generation	  at	  Wf	  =	  0.7	  was	  no	  longer	  possible.	  At	  low	  values	  of	  Wf,	  the	  stability	  of	  the	   aqueous	   phase’s	   flow	   into	   the	   channel	   is	   compromised	   due	   to	   the	   high	  pressure	   from	   the	   oil	   stream,	   leading	   to	   unstable	   droplet	   generation.	   At	   high	  values	  of	  Wf,	  the	  flow	  of	  the	  oil	  phase	  is	  far	  lower	  than	  that	  of	  the	  aqueous	  phase	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and	  thus	  it	  can,	  at	  times,	  be	  pushed	  back	  towards	  the	  oil	  inlet,	  again	  preventing	  reproducible	  droplet	  production.	  When	   droplets	   were	   successfully	   produced,	   the	   reproducibility	   of	   their	  production	  was	  characterised	  via	  the	  calculation	  of	  a	  polydispersity	  index,	  α:	  
𝛼 = 𝛿𝑙!" ×100%	  with	  𝑙!" 	  being	   the	   average	   droplet	   length	   and	  𝛿	  the	   standard	   deviation.	   The	  results	  are	  presented	  below	  in	  Figure	  3.4.	  
	  
Figure	  3.4.	  	   Polydispersity	   index,	   averaged	   across	   all	  Wf	   at	   which	   droplet	   generation	   was	  possible,	   plotted	   against	   flow	   velocity.	   An	   increase	   in	   the	   polydispersity	   index	  and	  thus	  a	  decrease	  in	  droplet	  reproducibility	  is	  clearly	  evident	  at	  the	  lower	  flow	  velocities.	   Errors	   as	   presented	   are	   the	   standard	   deviation	   of	   the	   polydisperity	  index	  of	  each	  different	  Wf	  at	  a	  given	  flow	  velocity.	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The	   observed	   increase	   in	   the	   average	   polydispersity	   index	   at	   the	   lower	   flow	  rates	   can	   be	   associated	   with	   instabilities	   in	   the	   instantaneous	   flow	   rates	  delivered	  by	  the	  syringe	  pumps.	  At	  low	  flow	  rates	  the	  slightly	  irregular	  motion	  of	  the	  pumps	  causes	  fluctuations	  in	  the	  true	  flow	  velocity	  of	  each	  of	  the	  aqueous	  and	  oil	  phases	  and	  thus	  slightly	  inconsistent	  droplet	  production.	  The	   variation	   of	   droplet	   reproducibility	   with	   Wf	   was	   also	   investigated	   by	  considering	   the	   polydispersity	   index,	   see	   Figure	   3.5.	   Droplet	   reproducibility	  was	  at	  its	  poorest	  when	  there	  was	  a	  large	  difference	  between	  the	  flow	  rates	  of	  the	   oil	   and	   aqueous	   phases;	   i.e.	   large	   and	   small	   values	   of	   Wf.	   Droplet	  reproducibility	  was	  at	  its	  best	  at	  Wf	  =	  0.5	  when	  the	  average	  polydispersity	  index	  across	  all	  flow	  rates	  was	  1.9	  ±	  0.8	  %.	  The	  increase	  in	  the	  polydispersity	  index	  at	  the	  extremes	  of	  the	  Wf	  range	  can	  again	  be	  attributed	  to	  instabilities	  in	  the	  flow	  rates	  delivered	  by	   the	  syringe	  pumps.	  To	  achieve	   the	  values	  of	  Wf	   required	  at	  the	  low	  flow	  velocities	  used,	  flow	  rates	  down	  to	  0.3	  µl	  min-­‐1	  were	  required	  from	  the	  syringe	  pumps.	  At	   these	  very	   low	  delivery	  rates	  any	   fluctuations	   from	  the	  pump	   will	   result	   in	   relatively	   large	   changes	   in	   the	   flow	   velocity	   and	   thus	   a	  measurable	  increase	  in	  the	  polydispersity	  index.	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Figure	  3.5.	  	   Polydispersity	   index,	   averaged	   across	   all	   flow	   velocities	   at	   which	   droplet	  generation	   was	   possible,	   plotted	   against	  Wf.	   An	   increase	   in	   the	   polydispersity	  index	   and	   thus	   a	   decrease	   in	   droplet	   reproducibility	   is	   present	   at	   the	   more	  extreme	   values	   of	  Wf.	   Errors	   as	   presented	   are	   the	   standard	   deviation	   of	   the	  polydisperity	  index	  of	  each	  different	  flow	  velocity	  at	  a	  given	  Wf.	  	  3.2.3	  Droplet	  Creation:	  Conclusions	  
Overall,	  it	  is	  evident	  that	  it	  is	  possible	  to	  reproducibly	  produce	  droplets	  at	  flow	  velocities	   down	   to	   1.5	  mm	  s-­‐1	   using	   the	   simple	   T-­‐junction	   device	   described	   in	  
Section	  2.2.1.	  However,	  reproducibility	  decreases	  as	  Wf	  moves	  away	  from	  0.5	  and	   the	   flow	   velocity	   is	   lowered,	   although,	   with	   the	   right	   conditions,	   this	  increase	   in	  polydispersity	  can	  be	  minimised.	  As	  such,	   the	  optimum	  conditions	  for	  droplet	  generation	  using	   this	  geometry	   is	  at	  Wf	  =	  0.5;	   this	  data	  shows	   low	  polydispersity	   across	   the	   entire	   range	   of	   flow	   velocities	   and	   avoids	   the	  most	  severe	   problems	   caused	   by	   fluctuations	   in	   the	   flow	   provided	   by	   the	   syringe	  pumps.	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3.3	   Droplet	   Generation	   from	   an	   Integrated	  
Pipette	  
The	   first	   stage	   in	   the	   production	   of	   a	   device	   to	   generate	   droplet	   from	   an	  integrated	   pipette	   is	   the	   development	   of	   the	   pipette	   itself.	   Pipettes	   were	  fabricated	  as	  described	  in	  Section	  2.1	   from	  quartz	  capillaries	  with	  an	  internal	  diameter	   of	   0.6	   mm,	   an	   external	   diameter	   of	   1	  mm	   and	   length	   of	   75	  mm.	  Pipettes	  were	  pulled	  using	  a	  one	  stage	  process	  with	  the	  parameters:	  	   HEAT	   FIL	   VEL	   DEL	   PULL	  Stage	  1	   500	   0	   65	   200	   244	  	  In	  this	  protocol	  both	  the	  taper,	  measured	  at	  approximately	  1	  mm,	  and	  the	  glass	  pore	  are	  formed	  in	  a	  single	  step.	  After	  fabrication,	  pipettes	  were	  characterised	  electrically	  using	  the	  set-­‐up	  described	  in	  Section	  2.3.	  3.3.1	  Electrical	  Characterisation	  of	  Pipettes	  
1	  M	  KCl	  buffer	  solution,	  prepared	  as	  described	  in	  Section	  2.5.1,	  was	  used	  to	  fill	  pipettes	   as	   outlined	   in	  Section	   2.1.2.	   The	   conductance	   of	   thirty	   pipettes	  was	  then	  measured	  by	  placing	  their	  tips	  in	  a	  bulk	  vial	  of	  the	  same	  solution	  and	  the	  current	  voltage	  response	  recorded	  between	  ±	  500	  mV	  with	  the	  set-­‐up	  described	  in	  Section	   2.3.	  Figure	   3.6	   shows	   the	   average	   I/V	   curve	   across	   the	  measured	  pipettes.	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Figure	  3.6.	  	   The	   average	   I/V	   curve	   for	   an	   individual	   pipette,	   taken	   across	   thirty	   pipettes	  containing	   buffered	   KCl	   (1	  M,	   pH	  8).	   Average	   conductance	   was	   measured	   as	  9.67	  ±	  0.45	  µs,	   error	   bars	   are	   the	   standard	   deviation	   in	   the	   current	   between	  individual	  pipettes	  at	  each	  voltage.	  	  As	   measured,	   the	   average	   conductance	   of	   the	   individual	   pipettes	   was	  9.67	  ±	  0.45	  µs	   using	   the	   buffered	  1	  M	  KCl,	   corresponding	   to	   a	   calculated	   pore	  diameter	  of	  2.56	  ±	  0.12	  µm.	  As	  expected,	  no	  rectification	  was	  observed	  in	  any	  of	  the	  fabricated	  pipettes,	  due	  to	  the	  molarity	  of	  the	  buffered	  KCl	  solution	  used	  for	  the	  measurements	   and	   the	   large	   size	   of	   the	   pores	   produced.	   Once	   fabricated,	  pipettes	  were	  integrated	  into	  devices	  as	  described	  in	  Section	  2.2.5	   for	  further	  experimentation.	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3.4	  Droplet	  Formation	  
Once	  fabricated,	  integrated	  pipette	  devices	  were	  subsequently	  used	  for	  droplet	  creation.	  Buffered	  1	  M	  KCl	  and	  a	  fluorinated	  oil	  solution,	  prepared	  as	  described	  in	   Section	   2.5,	   were	   flowed	   into	   the	   device	   with	   the	   microfluidic	   set	   up	  described	   in	  Section	   2.4.	  At	  all	   times	   the	  aqueous	  phase	  was	  pushed	   through	  the	  tip	  of	   the	  pipette	  whilst	   the	  oil	  phase	  was	   flowed	  through	  the	  microfluidic	  channel.	  3.4.1	  Droplet	  Generation	  
During	  droplet	  generation	  the	  flow	  rate	  of	  the	  aqueous	  phase	  was	  kept	  constant	  at	   1	  µl	  min-­‐1.	   A	   low	   flow	   rate	   for	   the	   aqueous	   phase	  was	   preferred	   as	   higher	  rates	  were	  found	  to	  create	  a	  build-­‐up	  of	  pressure	  in	  the	  pipette,	  resulting	  in	  the	  syringe	   pump	   tubing	   becoming	   detached	   from	   the	   pipette.	   Flow	   rates	   below	  1	  µl	  min-­‐1	  were	  also	  problematic	  with	  the	  oil	  flow	  often	  progressing	  up	  into	  the	  pipette,	  preventing	  any	  droplet	  formation.	  During	  droplet	  generation	  the	  flow	  rate	  of	  the	  oil	  phase	  was	  varied	  between	  1	  and	   500	  µl	  min-­‐1,	   with	   consequent	   flow	   velocities	   in	   the	   main	   microfluidic	  channel	  of	  between	  3	  and	  830	  mm	  s-­‐1.	  As	  the	  flow	  rate	  of	  the	  oil	  in	  the	  channel	  varied,	  so	  did	  the	  size	  of	  the	  droplets	  produced	  from	  the	  pipette	  tip.	  Images	  of	  droplet	  formation,	  recorded	  with	  the	  high	  speed	  camera	  set-­‐up	  as	  described	  in	  
Section	  2.4.2,	  at	  several	  oil	  flow	  rates	  are	  depicted	  in	  Figure	  3.7.	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Figure	  3.7.	  	   Images	  of	  aqueous	  droplets	  formed	  at	  the	  pipette	  tip	  with	  oil	  flow	  rates	  between	  1	   and	   200	  µl	  min-­‐1.	   Flow	   rates	   in	   the	   device	  were	   allowed	   to	   stabilise	   for	   one	  minute	   after	   each	   change	   to	   ensure	   consistent	   droplet	   production.	   Droplets	  decrease	   in	   diameter	   as	   the	   flow	   velocity	   of	   the	   oil	   phase	   increases.	   All	  microfluidic	  channels	  are	  100	  µm	  wide	  and	  deep,	  scale	  bars	  are	  20	  µm.	  
	  
Figure	  3.7	  clearly	  depicts	  a	  decrease	  in	  droplet	  diameter	  as	  the	  flow	  rate	  of	  the	  oil	  phase	  is	  increased.	  Such	  a	  decrease	  in	  the	  diameter,	  and	  thus	  volume,	  of	  the	  microfluidic	   droplets	   in	   these	   circumstances	   is	   expected.	   As	   the	   oil	   flow	   rate	  increases,	  so	  does	  the	  force	  imparted	  by	  the	  flow	  on	  the	  droplet	  as	  it	  forms	  on	  the	  pipette	  tip.	  This	  increase	  in	  force	  reduces	  the	  time	  the	  droplet	  spends	  on	  the	  pipette	  tip	  before	  it	  breaks	  away	  and	  as	  such	  the	  volume	  of	  the	  droplet	  itself.	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With	  such	  a	  system	  of	  droplet	  production	  the	  size	  of	  the	  droplets	  themselves	  is	  continuously	  variable;	   any	  given	  droplet	  diameter,	  within	   the	  operating	   limits	  of	  the	  device,	  can	  be	  produced	  by	  adjusting	  the	  flow	  rate	  of	  the	  oil	  phase.	  This,	  along	   with	   the	   rapid	   change	   in	   droplet	   size	   upon	   changing	   the	   oil	   flow	   rate,	  makes	   the	   integrated	   pipette	   platform	   a	   powerful	   tool	   for	   the	   on-­‐demand	  generation	  of	  microfluidic	  droplets.	  
3.5	  Droplet	  Characterisation	  
Images	   of	   the	   droplets,	   as	   depicted	   in	   the	   previous	   section,	   were	   used	   to	  characterise	   the	   integrated	   pipette	   device.	   For	   a	   complete	   characterisation	   of	  the	   device,	   droplet	   radius	   and	   volume	   were	   measured	   before	   both	   the	  reproducibility	  of	  droplet	  volume	  and	  the	  frequency	  of	  droplet	  generation	  were	  analysed	  across	  the	  full	  range	  of	  oil	  flow	  rates.	  3.5.1	  Measuring	  the	  Radius	  and	  Volume	  
To	   characterise	   the	   volume	  of	   individual	   droplets	  produced	  by	   the	  device	   the	  diameter	  of	   two	  hundred	   individual	  droplets	  was	  measured	   in	   Image-­‐J.	  These	  measurements	  were	   then	  halved	   to	   find	   the	  droplet	   radius	   then	   subsequently	  used	  to	  produce	  a	  histogram	  at	  each	  oil	  flow	  rate,	  examples	  of	  which	  are	  seen	  in	  
Figure	  3.8.	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Figure	  3.8.	  	   (a)	  Typical	  droplet	  radius	  distribution	  measured	  at	  an	  oil	  flow	  rate	  of	  1	  µl	  min-­‐1.	  Data	  was	  fitted	  with	  a	  Gaussian	  to	  obtain	  the	  most	  probable	  droplet	   length	  and	  	  standard	   deviation,	   here	   37.3	  ±	  0.8	  µm.	   (b)	   Typical	   droplet	   radius	   distribution	  measured	  at	  an	  oil	   flow	  rate	  of	  100	  µl	  min-­‐1.	  Data	  was	   fitted	  with	  a	  Gaussian	   to	  obtain	   the	   most	   probable	   droplet	   length	   and	   standard	   deviation,	   here	  3.7	  ±	  0.5	  µm.	  Images	  of	  aqueous	  droplets	  formed	  at	  the	  pipette	  tip	  with	  oil	   flow	  rates	   between	   1	   and	   200	  µl	   min-­‐1.	   In	   both	   cases	   the	   flow	   rate	   of	   the	   aqueous	  phase	  through	  the	  pipette	  was	  1	  µl	  min-­‐1.	  
	  The	  histograms	  obtained	   from	  this	  analysis	  showed	  a	  Gaussian	  distribution	  of	  droplet	   lengths	   from	   which	   fitting	   parameters	   were	   extracted	   to	   obtain	   the	  distribution’s	   mean	   and	   standard	   deviation.	   The	   volume	   of	   each	   droplet	   was	  then	   calculated,	   requiring	   the	   assumption	   of	   spherical	   droplets,	   and	   this	   data	  plotted	   across	   the	   full	   range	   of	   experimental	   flow	   rates.	   The	   data	   from	   five	  separate	  integrated	  nanopipette	  devices	  is	  presented	  in	  Figure	  3.9,	  illustrating	  the	  dependence	  of	  the	  droplet’s	  radius,	  and	  thus	  volume,	  on	  the	  flow	  rate	  of	  the	  oil	  phase.	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Figure	  3.9.	  	   Optically	   measured	   droplet	   radius	   and	   calculated	   volume	   for	   the	   integrated	  pipette	  device	  at	  oil	  flow	  rates	  between	  1	  and	  500	  µl	  min-­‐1.	  Errors	  presented	  are	  the	  standard	  deviation	  in	  droplet	  volume	  for	  each	  device	  at	  each	  oil	  flow	  rate.	  
	  
Figure	  3.9	  demonstrates	  the	  integrated	  pipette	  device’s	  capability	  of	  producing	  droplets	  with	  volumes	  across	  several	  orders	  of	  magnitude.	  Droplets	  produced	  using	  an	  aqueous	  flow	  rate	  through	  the	  pipette	  of	  1	  µl	  min-­‐1	  had	  volumes	  from	  244	  ±	  41	  pL	  at	  an	  oil	   flow	  rate	  of	  1	  µl	  min-­‐1	   to	  58	  ±	  13	  fL	  at	  an	  oil	   flow	  rate	  of	  500	   µl	  min-­‐1,	   ~4200	   times	   smaller	   than	   the	   largest	   droplets	   produced	   by	   the	  device.	  In	   the	   literature,	   flow	   focusing	   devices	   capable	   of	   controllable,	   on-­‐demand	  generation	   of	   droplets	   across	   one	   order	   of	  magnitude	   have	   been	   presented.22	  Other	  devices	  have	  demonstrated	  the	  ability	  to	  produce	  droplets	  with	  a	  similar	  range	  of	  sizes	  as	  the	  integrated	  pipette	  device,	  although	  such	  devices	  rely	  on	  the	  evaporation	  of	  material	   from	  the	  droplets	  hence	  do	  not	  offer	  truly	  on-­‐demand	  droplet	  generation.24	  As	  such,	  the	  integrated	  pipette	  approach	  offers	  advantages	  over	  results	  already	  presented	   in	   the	   literature,	  combining	  a	  wide	  operational	  range	  with	  almost	  instantaneous	  generation	  of	  the	  required	  droplet	  size.	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Whilst	   a	   droplet	   volume	   of	   58	  ±	   13	   fL	   as	   produced	   by	   the	   integrated	   pipette	  device	  with	  an	  oil	   flow	  rate	  of	  500	  µl	  min-­‐1	   is	   far	   smaller	   than	   the	  majority	  of	  microfluidic	  droplets	  reported	  in	  the	  literature,	  other	  methods	  have	  been	  used	  to	   create	   smaller	   droplets	   still.	   Flow	   focusing	   devices	   have	   been	   used	   to	  produce	  droplets	  measured	  experimentally	  as	  8.6	  fL	  and	  others	  calculated	  to	  be	  only	  1.1	  fL.22	  T-­‐junction	  splitting	  is	  another	  approach	  that	  has	  been	  successfully	  used	   in	   the	   creation	   of	   femtolitre	   droplets,	   with	   volumes	   down	   to	   6.5	   fl	  reported.25	  Whilst	  droplets	  of	  this	  scale	  were	  not	  observed	  with	  the	  integrated	  pipette	  device,	  their	  formation	  may	  indeed	  be	  a	  possibility.	  Experiments	  using	  the	  integrated	  pipette	  device	  were	  not	  undertaken	  above	  an	  oil	  flow	  rate	  of	  500	  µl	  min-­‐1.	  The	  absence	  of	  any	  experiments	  above	  this	  oil	  flow	  rate	  was	  not	  due	  to	  a	  failure	  of	  the	  device	  but	  due	  to	  the	  limitations	  of	  the	  high	  speed	   camera	   set-­‐up	   itself.	   At	   500	   µl	  min-­‐1	  the	   flow	   velocity	   in	   the	   channel	   is	  830	  mm	  s-­‐1,	   thus	  at	   the	  acquisition	   frame	  rate	  of	  20,000	   fps	   the	  droplets	  were	  moving	  ~42	  µm	  per	   frame.	  At	   such	  high	   frame	   rates	  only	   a	   small	   area	   can	  be	  covered	  by	   the	  high	  speed	  camera	  and	  as	  such	   it	  was	   frequently	   the	  case	   that	  droplets	  had	  moved	  out	  of	  frame	  in	  the	  time	  period	  between	  generation	  and	  the	  next	  frame.	  Above	  500	  µl	  min-­‐1	  this	  prevented	  the	  collection	  of	  any	  droplet	  size	  data	  and	   thus	  analysis	  of	  droplet	  volume.	  An	  additional	  complicating	   factor	  at	  these	  high	   flow	  rates	  was	   the	  necessary	  use	  of	  short	  exposure	   times,	  down	  to	  10	  µs,	  making	  distinguishing	  the	  droplet	  edges	  highly	  challenging.	  Thus,	  if	  these	  issues	  are	  overcome	  with	  a	  different	  high	  speed	  camera	  or	  microfluidic	  set-­‐up,	  droplet	   generation	   in	   the	   single	   femtolitre	   scale	   using	   the	   integrated	   pipette	  device	  may	  indeed	  be	  possible.	  3.5.2	  Measuring	  the	  Droplet	  Reproducibility	  
Droplet	   reproducibility	   was	   again	   characterised	   via	   the	   calculation	   of	   the	  polydispersity	  index,	  α:	  
𝛼 = 𝛿𝑙!" ×100%	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Here,	  𝑙!"	  is	  the	  average	  droplet	  radius	  and	  𝛿	  its	  standard	  deviation.	  The	  results	  of	  this	  analysis	  across	  the	  full	  range	  of	  experimental	  oil	  flow	  rates	  and	  devices	  are	  presented	  in	  Figure	  3.10.	  
	  
Figure	  3.10.	  	   The	   average	   polydispersity	   index	   for	   the	   integrated	   pipette	   devices,	   plotted	  against	   the	   oil	   flow	   rate	   in	   the	  main	  microfluidic	   channel.	   An	   increase	   in	   the	  polydispersity	   index	   and	   thus	   a	   decrease	   in	   droplet	   reproducibility	   is	   clearly	  evident	   as	   the	   oil	   flow	   rate	   increases.	   Errors	   as	   presented	   are	   the	   standard	  deviation	  of	  the	  polydispersity	  index	  between	  devices	  at	  a	  given	  oil	  flow	  rate.	  
	  As	   the	   oil	   flow	   rate	   in	   the	   integrated	   pipette	   device	   increases,	   so	   does	   the	  droplet	   polydispersity.	   The	   average	   droplet	   polydispersity	   across	   all	   oil	   flow	  rates	  was	  5.9%,	  far	  higher	  than	  the	  value	  of	  2.9%	  obtained	  at	  Wf	  =	  0.5	  with	  the	  simple	  T-­‐junction	  device	   in	  Section	   3.2.2.	   In	   the	   literature,	  devices	  have	  been	  presented	   that	   significantly	   better	   this	   polydispersity	   index.	   Devices	   using	  shape	   induced	   shear	   have	   demonstrated	   a	   polydispersity	   index	   of	   3.5%	   for	  droplets	  of	  97	  fL,7	  whilst	  flow	  focusing	  devices	  have	  produced	  droplets	  with	  an	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index	  of	  0.6%	  for	  36	  fL	  droplets.22	  Such	  small	  values	  of	  the	  polydispersity	  index	  are	   also	   possible	   using	   the	   controlled	   shrinkage	   of	   droplets,	   although	   such	  generation	  is	  not	  truly	  on-­‐demand.5	  The	   reduced	   monodispersity	   of	   droplets	   produced	   by	   the	   integrated	   pipette	  device	  is	  probably	  due	  to	  variations	  in	  flow	  around	  the	  tip	  of	  the	  pipette.	  Flow	  in	  a	  microfluidic	  device	  is	  typically	  characterised	  with	  the	  Reynolds	  number,	  for	  a	  rectangular	  microfluidic	  channel	  defined	  by	  the	  equation:	  
𝑅𝑒 =   4𝜌𝒗𝐴𝜇𝑃 	  where	  𝑅𝑒	  is	   the	   Reynolds	   number,	  𝜌	  is	   the	   density	   of	   the	   fluid,	  𝒗	  is	   the	   mean	  velocity	  of	  the	  fluid,	  𝐴	  is	  the	  cross	  sectional	  area	  of	  the	  channel,	  	  𝑃	  is	  the	  wetted	  perimeter	  of	  the	  channel	  and	  𝜇	  the	  dynamic	  viscosity	  of	  the	  fluid.	  The	  dimensions	  of	  the	  microfluidic	  device	  as	  used	  for	  the	  generation	  of	  droplets	  from	  an	  integrated	  pipette	  and	  the	  relatively	  low	  density	  of	  the	  oil	  phase	  in	  the	  main	  microfluidic	  channel	  result	  in	  Reynolds	  numbers	  between	  0.08	  and	  37.78	  at	   the	   flow	   rates	   used	   for	   droplet	   generation.	   These	   values	   of	   the	   Reynolds	  number	  are	  characteristic	  of	  a	  laminar	  flow	  in	  the	  microfluidic	  channel,	  with	  no	  observed	  turbulence	  in	  the	  form	  of	  eddies,	  vortices	  and	  wakes.	  As	  such,	  at	  first	  glance,	   the	   generation	   of	   uniform	   droplets	   associated	   with	   a	   very	   low	  polydispersity	  index	  would	  be	  expected.	  However,	   the	  pipette	   introduced	   into	   the	  micro-­‐channel	   on	  device	   fabrication	  represents	  a	  comparatively	  large	  obstruction	  and	  thus	  has	  a	  large	  effect	  on	  the	  fluid	  flow	  profile	  in	  its	  immediate	  vicinity.26	  With	  such	  a	  large	  intrusion	  into	  the	  channel	  some	  turbulent	  flow	  around	  the	  pipette	  tip	  is	  probable,	  despite	  the	  low	  Reynolds	  number	  of	  the	  microfluidic	  channel	  as	  a	  whole.	  The	  presence	  of	  some	  turbulence	  around	  the	  pipette	  tip	  also	  explains	  the	  increase	  in	  polydispersity	  as	  the	   oil	   flow	   rate	   increases;	   an	   increase	   in	   the	   flow	   velocity	   in	   the	   channel	  increases	   the	   Reynolds	   number	   and	   the	   amount	   of	   turbulence	   around	   the	  pipette	  tip,	  reducing	  droplet	  monodispersity.	  Turbulence	  in	  the	  fluid	  flow	  is	  not	  a	  significant	  problem	  for	  other	  devices	  presented	  in	  the	  literature,	  as	  they	  have	  no	   intrusions	   into	   the	  main	  microfluidic	   channel.	   Subsequently,	   flow	   remains	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laminar	   in	   the	   area	   of	   droplet	   generation	   and	   the	   droplets	   produced	   more	  monodisperse	  at	  all	  flow	  velocities.	  3.5.3	  Measuring	  the	  Droplet	  Frequency	  
Videos	  of	  droplet	  formation	  in	  the	  integrated	  pipette	  device	  were	  also	  analysed	  to	  obtain	  the	  frequency	  of	  droplet	  production	  at	  all	  oil	   flow	  rates.	  Image-­‐J	  was	  used	   to	   count	   the	   frames	   between	   successive	   droplet	   generations	   and	   thus	  obtain	  the	  frequency	  for	  each	  device.	  An	  average	  droplet	  generation	  frequency	  across	   all	   devices	   was	   calculated	   for	   each	   oil	   flow	   rate	   and	   plotted	   against	   a	  curve	   fitted	   to	   the	   expected	   generation	   frequency	   given	   the	   droplet	   volumes	  calculated	  in	  Section	  3.5.1.	  This	  data	  is	  presented	  in	  Figure	  3.11.	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Figure	  3.11.	  	   The	  average	  frequency	  of	  droplet	  production	  plotted	  against	  the	  oil	  flow	  rate	  in	  the	   integrated	  pipette	  device.	  Data	  points	  represent	  experimentally	  measured	  data	  whereas	  the	  expected	  frequency	  of	  droplet	  generation,	  calculated	  from	  the	  average	  droplet	   radius	  measured	  at	  each	   flow	  rate,	   is	   represented	  as	  a	  curve.	  Overall	   there	   is	  an	  excellent	  agreement	  between	  the	  calculated	  and	  measured	  results.	   Errors	   as	   presented	   are	   the	   standard	  deviation	   in	   the	   rate	   of	   droplet	  generation	  between	  devices.	  
	  Figure	   3.11	   shows	   an	   excellent	   agreement	   between	   the	   calculated	   and	  measured	   frequency	   of	   droplet	   production,	   indicating	   the	   assumption	   of	  spherical	   droplets	   made	   in	   Section	   3.5.1	   is	   indeed	   valid.	   The	   frequency	   of	  droplet	   production	   ranged	   from	  0.07	  Hz	  with	   an	   oil	   flow	   rate	   of	   1	  µl	  min-­‐1	   to	  280	  Hz	   at	   an	  oil	   flow	   rate	   of	   500	  µl	  min-­‐1.	   These	   speeds	  of	   femtolitre	  droplet	  generation	  are	  far	  slower	  than	  those	  reported	  in	  the	  literature	  where	  speeds	  of	  1.3	  MHz	  have	  been	  measured	  and	  9.8	  MHz	  calculated.22	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Droplet	   generation	   frequencies	   as	   presented	   in	   the	   literature	   are	   currently	  orders	   of	   magnitude	   outside	   what	   is	   possible	   in	   the	   integrated	   nanopipette	  device.	   However,	   an	   increase	   in	   the	   droplet	   generation	   frequency	   of	   the	  integrated	  pipette	  device	   remains	  a	  possibility.	   Increasing	   the	   flow	  velocity	  of	  the	  oil	   in	   the	  main	  microfluidic	  channel	  will	   increase	   the	   frequency	  of	  droplet	  production	  although	  droplet	  size	  will	  also	  be	  reduced.	  This	  decrease	  in	  droplet	  size	   can	   be	   offset	   with	   an	   increase	   in	   the	   flow	   rate	   of	   the	   aqueous	   solution	  through	   the	   pipette,	   though	   the	   high	   flow	   rates	   in	   the	   microfluidic	   channel	  during	  such	  experiments	  expose	  the	  same	  experimental	  limitations	  discussed	  in	  
Section	  3.5.1.	  	  
3.6	  Summary	  
Microfluidic	   devices	   containing	   an	   integrated	   pipette	   are	   a	   viable	   means	   of	  producing	   droplets	   in	   the	   picolitre	   to	   femtolitre	   range.	   Such	   devices	   offer	   a	  simple	   fabrication	   process	   and	   a	   greater	   versatility	   compared	   to	   alternatives	  presented	   in	   the	   literature.	  Whilst	   these	  devices	  are	  surpassed	   in	   literature	   in	  terms	   of	   producing	   droplets	   of	   the	   smallest	   size,	   at	   the	   highest	   frequency	   or	  with	  the	  greatest	  reproducibility,	  the	  key	  advantage	  of	  such	  devices	  is	  the	  wide	  range	  of	  droplet	  volumes	  that	  can	  be	  produced	  on	  demand.	  Whilst	  the	  full	  limits	  of	   the	   devices	   have	   yet	   to	   be	   fully	   explored,	   droplet	   production	   across	  more	  than	  three	  orders	  of	  magnitude	  is	  already	  possible.	  To	  explore	   the	   full	   capabilities	  of	   these	  devices	  an	   improved	  experimental	   set	  up	   is	   required.	  With	   a	   larger	   area	   of	   observation	   or	   an	   increased	   frame	   rate,	  greater	  flow	  velocities	  could	  be	  used	  in	  the	  device,	  enabling	  the	  characterisation	  of	   smaller	   droplets	   that	   may	   rival	   the	   size	   of	   those	   presented	   elsewhere.	   In	  addition	  the	  rate	  of	  droplet	  production	  could	  be	  increased	  to	  nearer	  the	  levels	  seen	   using	   other	   methodologies.	   Even	   with	   these	   improvements	   droplet	  reproducibility	  will	  remain	  a	  limitation	  of	  the	  device	  however,	  in	  all	   likelihood	  becoming	  more	  problematic	  as	  the	  flow	  velocity	  through	  the	  main	  microfluidic	  channel	  increases.	  In	   terms	  of	  droplet	   formation	   in	   the	  basic	  T-­‐junction	  device,	   it	  was	   found	  that	  droplet	  length	  was	  linearly	  dependent	  on	  Wf	  and	  independent	  of	  flow	  velocity	  in	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the	  range	  studied,	  in	  agreement	  with	  literature.	  At	  intermediate	  water	  fractions	  (0.3	  ≤	  Wf	  ≤	  0.7)	  droplets	  were	  produced	  with	  good	  uniformity	  from	  33	  mm	  s-­‐1	  down	   to	   1.5	  mm	  s-­‐1.	   Droplet	   polydispersity	  was	   found	   to	   increase	   as	   the	   flow	  velocity	   was	   lowered	   and	   as	   the	   flow	   rates	   of	   the	   oil	   and	   aqueous	   phases	  became	  more	   disparate	   at	   the	   extreme	   values	   of	   the	  water	   fraction.	   Droplets	  created	   at	   a	   Wf	   of	   0.5	   proved	   to	   be	   the	   most	   monodisperse,	   with	   a	   mean	  polydispersity	  of	  1.9	  ±	  0.8	  %	  across	  all	  flow	  velocities.	  Whilst	   droplets	   produced	   with	   a	   simple	   T-­‐junction	   device	   presented	   in	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Nanopipette	  Characterisation	  and	  
Modification	  
In	  recent	  years	  nanopipettes	  have	  begun	  to	  emerge	  as	  an	  alternative	  to	  planar,	  wafer	   based	   nanopore	   devices.	   Nanopipettes	   have	   been	   used	   to	   successfully	  detect	   DNA,1	   nanoparticles,2	   proteins3	   and	   distinguish	   between	   molecules	   of	  different	   sizes.4	   In	   addition,	   nanopipettes	   offer	   a	   far	   easier	   approach	   to	  multiplexed	  sensing,	  and	  the	  improvements	   in	  analysis	  speed	  this	  brings,	  than	  wafer	   based	   pores.5	   This	   demonstrated	   versatility,	   along	   with	   their	   ease	   of	  fabrication,6	   low	   noise	   properties,7,8	   and	   lack	   of	   fluorescence,9	   has	   been	   the	  driving	  force	  for	  extensive	  work	  on	  the	  nanopipette	  platform.	  As	  such	  the	  ability	  to	   functionalise	   the	   pore’s	   surface6,10,11	   and	   tune	   the	   pore’s	   diameter5,12,13	   is	  now	  approaching	  that	  of	  the	  more	  traditional	  SiNx	  pores.	  However,	  atomic	  layer	  deposition	   (ALD)	   remains	   confined	   to	   planar	   geometries,	   where	   it	   is	   a	   well-­‐established	  and	  highly	  valuable	  technique.14–16	  In	   this	   chapter,	   nanopipettes	   fabricated	   as	   described	   in	   Section	   2.1	   are	  characterised	   with	   both	   electrical	   measurements	   and	   under	   the	   scanning	  electron	  microscope	  (SEM).	  Furthermore,	  the	  double	  nanopipette	  device	  itself	  is	  characterised,	   again	   both	   electrically	   and	   with	   the	   SEM.	   Subsequently,	   the	  modification	  of	  nanopipettes	  via	  atomic	  layer	  deposition	  (ALD)	  is	  studied.	  Here,	  the	  ability	  to	  controllably	  decrease	  the	  diameter	  of	  the	  glass	  nanopore	  using	  the	  deposition	   of	   Al2O3	   is	   examined,	   before	   the	   electrical	   noise	   properties	   of	   the	  glass	  nanopores	  in	  these	  modified	  nanopipettes	  are	  investigated.	  
4.1	  Nanopipette	  Characterisation	  
Initially,	  nanopipettes	  were	  fabricated	  as	  described	  in	  Section	  2.1	  from	  quartz	  capillaries	  with	  an	  internal	  diameter	  of	  0.5	  mm,	  external	  diameter	  of	  1	  mm	  and	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length	  of	  75	  mm.	  In	  this	  case,	  pipette	  pulling	  occurred	  via	  a	  two	  stage	  process	  using	  parameters:	  	   HEAT	   FIL	   VEL	   DEL	   PULL	  Stage	  1	   575	   3	   35	   145	   75	  Stage	  2	   700	   0	   15	   128	   200	  	  Stage	  1	  pulls	  a	  1.2	  mm	  taper	   into	   the	  capillary	  before	  Stage	  2	   forms	   the	  glass	  nanopore	   itself.	   After	   fabrication,	   the	   glass	   nanopore	   produced	   by	   this	  fabrication	   process	   was	   characterised	   both	   electrically	   and	   with	   a	   scanning	  electron	  microscope.	  4.1.1	  Electrical	  Characterisation	  of	  Pipettes	  
Prior	   to	   electrical	   characterisation,	   nanopipettes	   were	   filled	   with	   buffered	  1	  M	  KCl	   solution,	   as	  described	   in	  Sections	   2.1.2	   and	  2.5.1,	   before	   the	   tip	  was	  placed	  in	  bulk	  buffered	  1	  M	  KCl.	  The	  current-­‐voltage	  characteristics	  of	  the	  glass	  nanopore	  were	  then	  investigated	  using	  the	  set	  up	  described	  in	  Section	  2.3	  and	  I/V	  curves	  between	  ±	  500	  mV	  plotted	  for	  each	  of	   the	  pipettes.	  Not	  all	  pipettes	  were	   successfully	   fabricated,	   with	   a	   minority	   of	   pipettes	   exhibiting	   a	  conductance	  far	  above	  or	  below	  the	  majority	  of	  pipettes,	  as	  seen	  in	  Figure	  4.1.	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Figure	  4.1.	  	   I/V	  curves	  from	  three	  separate	  nanopipettes	  containing	  buffered	  KCl	  (1	  M,	  pH	  8).	  Here	  the	  black	  current	  voltage	  curve	  is	   from	  a	  pipette	  typical	  of	  the	  majority	  of	  those	  measured	  with	  a	  conductance	  value	  of	  52	  nS.	  The	  red	  and	  blue	  curves	  are	  from	  pipettes	  that	  exhibited	  conductance	  values	  away	  from	  those	  typically	  seen	  at	  498	  nS	  and	  2	  nS	  respectively,	  illustrating	  the	  variance	  in	  conductance	  between	  pipettes.	  	  Whilst	   pipettes	   fabricated	   as	   in	   Section	   4.1	   did	   display	   a	   variance	   in	  conductance,	  over	  90%	  displayed	  current	  voltage	  curves	  in	  excellent	  agreement	  with	   the	   typical	   curve	   presented	   in	   Figure	   4.1.	   As	   such,	   curves	   that	   did	   not	  conform	  closely	  to	  this	  standard	  were	  excluded	  from	  any	  further	  analysis,	  due	  to	   the	   likelihood	   they	   had	   been	   damaged	   during	   measurement.	   Pipettes	  displaying	   a	   measured	   conductance	   above	   that	   expected	   were	   considered	   to	  have	   been	   ‘broken’,	   the	   tip	   cracked	   or	   shattered	   during	   experimentation	  whereas	   those	  with	   an	  unusually	   low	   conductance	  were	   considered	   ‘blocked’,	  most	  likely	  by	  particulate	  contaminants	  in	  the	  buffered	  KCl	  solution.	  Figure	  4.2	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below	  shows	  an	  average	   I/V	  curve	   taken	  across	   thirty	  nanopipettes	   that	  were	  not	  considered	  broken	  or	  blocked.	  
	  
Figure	  4.2.	  	   The	  average	  I/V	  curve,	  taken	  across	  thirty	  nanopipettes,	  containing	  buffered	  KCl	  (1	  M,	  pH	  8),	  for	  an	  individual	  nanopipette.	  Errors	  as	  presented	  are	  the	  standard	  deviation	  in	  the	  current	  between	  individual	  nanopipettes	  at	  each	  voltage.	  
	  When	   using	   buffered	   1	  M	  KCl	   no	   current	   rectification	   was	   observed	   in	   the	  current	  voltage	  curves	  of	  the	  pipettes.	  Rectification	  occurs	  due	  to	  excess	  surface	  charge	  and	  electrical	  asymmetry	  around	  the	  pore,17,18	  a	  possibility	  in	  these	  glass	  nanopores	   due	   to	   the	   structure	   of	   the	   nanopipettes.	   However,	   the	   use	   of	  buffered	  1	  M	  KCl	   results	   in	  no	  excess	  surface	  charge	  and	  a	  very	   thin	  electrical	  double	   layer	   thus	   the	   lack	   of	   rectification	   is	   not	   unexpected	   in	   this	  configuration,	   despite	   the	   asymmetry	   of	   the	   nanopipette,	   and	   has	   been	  previously	  reported	  in	  the	  literature.19	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The	  average	  conductance	  of	  individual	  nanopipettes	  was	  measured	  as	  53	  ±	  3	  nS	  using	   buffered	   1	  M	  KCl,	   from	   which	   a	   diameter	   of	   20	  ±	  1	  nm	   was	   calculated	  using	  an	  equation	  established	  in	  the	  literature.20	  
𝐺 =    𝑑!𝐷!𝜋𝜎4 𝑙 + 𝜋8 𝑑! + 𝐷!      	  Here,	  𝑑! 	  is	   the	   nanopore	   diameter,	  𝑙	  the	   taper	   length	   of	   the	   capillary,	  𝐷! 	  the	  internal	   diameter	   of	   the	   capillary	   at	   the	   large	   end	   of	   the	   taper	   and	  𝜎 	  the	  electrical	   conductivity	   of	   the	   solution	   filling	   the	   nanopore.	   The	   measured	  diameter	  of	   the	  nanopore	   in	   these	  pipettes,	  20	  ±	  1	  nm,	   is	   comparable	   to	  other	  glass	  nanopores	  reported	  in	  the	  literature.1–3	  4.1.2	   Characterisation	   with	   the	   Scanning	   Electron	  Microscope	  	  
The	   glass	   nanopores	   produced	   were	   also	   imaged	   via	   scanning	   electron	  microscopy	   (SEM),	   performed	   on	   a	   LEO	   Gemini	   1525	   electron	   microscope.	  Pipettes	  were	  sputter	  coated	  with	  chromium	  before	  being	  affixed	  to	  carbon	  tape	  (G3939,	   Agar	   Scientific)	   and	   loaded	   onto	   specimen	  mounts	   for	   SEM	   imaging.	  The	   working	   distance	   was	   then	   set	   to	   5	  mm	   and	   the	   accelerating	   voltage	   to	  10	  kV	  for	  high	  resolution	  imaging.	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Figure	  4.3.	  	   SEM	   image	   showing	   the	   taper	   of	   the	   nanopipette,	   scale	   bar	   100	  µm.	   Inset,	  600,000	   times	   magnification	   of	   the	   glass	   nanopore,	   scale	   bar	   20	  nm.21	   Images	  taken	  in	  collaboration	  with	  Dr	  Aleksandar	  Ivanov.	  
	  
Figure	  4.3	  shows	  typical	  SEM	  images	  of	  the	  nanopipette	  and	  the	  glass	  nanopore	  as	  used	  in	  these	  studies.	  Nanopipettes	  produced	  had	  glass	  nanopores	  measured	  at	  24	  ±	  1	  nm,	   in	   good	  agreement	  with	   the	  diameter	   calculated	   in	   the	  previous	  discussion.	   Overall	   the	   SEM	   images	   showed	   a	   uniform	   pore	   size	   and	   taper	  length	   across	   all	   measured	   nanopipettes,	   as	   expected	   from	   the	   previously	  measured,	  highly	  reproducible	  nanopipette	  conductance.	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4.2	   Characterisation	   of	   the	   Double	   Nanopipette	  
Device	  
Double	   nanopipette	   devices,	   as	   fabricated	   in	   Section	   2.2.4,	   containing	   two	  nanopipettes	   produced	   with	   the	   parameters	   described	   in	   Section	   4.1	   were	  characterised	  electrically	  and	  via	  both	  optical	  and	  	  electron	  microscopy	  to	  check	  their	  viability	  for	  experimentation.	  Around	  25%	  of	  devices	  fabricated	  were	  used	  successfully;	  devices	  were	  most	   commonly	   rendered	  unusable	  by	  nanopipette	  breakage,	  nanopipettes	  becoming	  blocked	  with	  PDMS	  on	  integration	  or	  the	  flow	  of	  silicone	  into	  the	  main	  microfluidic	  channel	  upon	  access	  shaft	  sealing.	  4.2.1	  Electrical	  Characterisation	  
The	   electrical	   characterisation	   of	   double	   nanopipette	   devices	  was	   undertaken	  with	   devices	   where	   both	   the	   nanopipettes	   and	   the	   microfluidic	   channel	   had	  been	   filled	   with	   buffered	   1	  M	  KCl.	   Electrodes	   were	   inserted	   into	   both	  nanopipettes	  and	  the	  current-­‐voltage	  characteristics	  of	  the	  devices	  investigated	  using	  the	  previously	  described	  electrical	  set	  up.	   I/V	  curves	  were	  subsequently	  plotted	   for	   each	   device	   between	   ±	   500	  mV,	   with	   Figure	   4.4	   showing	   an	   I/V	  curve	  averaged	  across	  twenty	  successfully	  fabricated	  devices.	  Devices	   that	   were	   not	   successfully	   fabricated	   typically	   failed	   to	   allow	   the	  passage	  of	  any	  measurable	  current	  on	  the	  application	  of	  a	  voltage,	  in	  most	  cases	  due	   to	  a	  blockage	  of	   the	  microfluidic	  channel	  with	   the	  silicone	  rubber	  used	   to	  hold	  the	  nanopipette	  in	  place	  or	  the	  contamination	  of	  the	  glass	  nanopore	  with	  a	  PDMS	   plug	   upon	   insertion.	   Occasionally,	   devices	   exhibited	   a	   very	   large	  conductance,	   above	   what	   could	   be	   measured	   using	   the	   set-­‐up	   described	   in	  
Section	  2.3,	   likely	   due	   to	   the	   fracture	   of	   the	   nanopipettes	   during	   device	  fabrication.	   In	   both	   cases,	   such	  devices	  were	  discarded	   and	   excluded	   from	  all	  analysis.	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Figure	  4.4.	   The	   average	   I/V	   curve,	   taken	   across	   twenty	   successfully	   fabricated	   samples	  containing	  buffered	  KCl	  (1	  M,	  pH	  8),	  for	  the	  double	  nanopipette	  device.	  Errors	  as	  presented	  are	  the	  standard	  deviation	  in	  the	  current	  between	  individual	  devices	  at	  each	  voltage.	  
	  As	  with	  the	  individual	  nanopipettes,	  no	  rectification	  in	  the	  current	  voltage	  trace	  was	   observed	   in	   the	   double	   nanopipette	   devices.	   Devices	   had	   a	   measured	  conductance	  of	  30	  ±	  4	  nS	  under	  the	  experimental	  conditions.	  When	  considering	  the	  conductance	  of	  the	  device	  as	  a	  whole,	  it	  is	  important	  to	  recognise	  that	  by	  far	  the	   most	   significant	   contribution	   to	   the	   resistance	   of	   the	   device	   is	   the	   glass	  nanopores	   themselves.	   Hence,	   to	   a	   first	   approximation,	   the	   device	   would	   be	  expected	  to	  have	  twice	  the	  resistance	  of	  a	  single	  glass	  nanopore,	  containing	  as	  they	   do	   two	   glass	   nanopores	   in	   series.	   The	   measured	   conductance	   for	   these	  devices	  is	  thus	  within	  expectations,	  displaying	  a	  conductance	  55%	  of	  the	  single	  nanopipette.	  The	  measured	  conductance	  of	   the	  device	   confirms	   the	   successful	  integration	  of	  both	  glass	  nanopores	  into	  the	  microfluidic	  channel.	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4.2.2	   Device	   Characterisation	   with	   Optical	   and	   Electron	  Microscopy	  	  
Optical	   microscopy	   of	   devices	   was	   undertaken	   with	   an	   Olympus	   DP71	   light	  microscope	  connected	  to	  a	  computer	  with	  digital	  image	  capture	  software.	  After	  fabrication	  all	  devices	  were	  imaged	  in	  this	  manner	  to	  check	  device	  viability	  and	  the	  pipette’s	  position	  in	  the	  microfluidic	  channel,	  see	  Figure	  4.5.	  
	  
Figure	  4.5.	   Optical	   image	   of	   two	   nanopipettes	   inserted	   into	   the	  main	  microfluidic	   channel	  via	  access	  shafts.	  The	  device	  looks	  to	  have	  been	  successfully	  fabricated:	  the	  glass	  nanopores	  appear	  intact	  and	  no	  silicone	  is	  blocking	  the	  microfluidic	  channel.	  The	  two	   nanopipettes	   are	   further	   apart	   in	   the	   microfluidic	   channel	   than	   desirable	  however.	  Scale	  bar	  is	  100	  µm.21	  	  For	   investigation	   under	   the	   SEM,	   devices	  were	   fabricated	  without	   their	   glass	  base	  before	  being	  imaged	  as	  discussed	  in	  Section	  4.1.2.	  Due	  to	  the	  fragility	  of	  these	  partially	   complete	   devices	   very	   few	  were	   studied	   in	   the	   SEM.	  However,	  images	   obtained	   demonstrated	   that	   fabrication	   of	   these	   devices	   without	  damaging	  the	  glass	  nanopores	  themselves	  or	  partially	  blocking	  them	  with	  PDMS	  was	  indeed	  possible,	  as	  seen	  in	  Figure	  4.6.	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Figure	  4.6.	   SEM	   image	   of	   two	   nanopipettes	   inserted	   into	   the	   centre	   of	   the	   microfluidic	  channel.	  Image	  is	  taken	  with	  a	  15	  degree	  tilt.	  The	  ends	  of	  the	  nanopipettes	  can	  be	  seen	   to	   be	   unbroken	   and	  without	   residual	   PDMS;	   the	   fabrication	   of	   the	   device	  has	  been	  a	  success.	  Scale	  bar	  is	  100	  µm.21	  
	  
4.3	  Modification	  of	  Nanopipettes	  
To	  obtain	  glass	  nanopores	  below	  a	  diameter	  of	  20	  	  nm	  using	  only	  simple	  pipette	  pulling	  is	  a	  very	  difficult	  task,	  due	  to	  the	  inherent	  variability	  of	  the	  process	  itself	  and	   its	   susceptibility	   to	  external	   conditions.	  Where	  nanopores	  below	   this	   size	  are	   required,	   a	   viable	   approach	   is	   the	   production	   of	   larger	   pores	   and	   a	  controlled	  reduction	  in	  their	  size.	  One	  option	  for	  this	  is	  the	  use	  of	  atomic	  layer	  deposition	   (ALD),	   shrinking	   the	   pore	  with	   a	   conformal	   coating,	   to	   obtain	   the	  desired	   pore	   diameter.	   Such	   techniques	   have	   been	   previously	   used	   in	   planar	  nanopore	  geometries,16	  but	  have	  not	  yet	  been	  demonstrated	  with	  nanopipettes.	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A	   secondary	   advantage	   of	   ALD	   is	   that	   it	   offers	   the	   ability	   to	   alter	   the	   surface	  properties	   around	   the	   nanopore.	   It	   is	   for	   this	   reason	   that	   Al2O3	   is	   commonly	  deposited	   around	   nanopores;	   not	   only	   does	   its	   well	   characterised	   rate	   of	  deposition	   allow	   for	   excellent	   control	   over	   nanopore	   diameter,	   it	   has	   been	  demonstrated	   to	   reduce	  1/f	   and	   capacitive	  noise,	   increasing	   the	   sensitivity	   of	  the	  nanopore.16	  With	   this	   in	  mind,	   the	   remainder	  of	   this	   chapter	  deals	  with	   the	   fabrication	  of	  large	   diameter	   glass	   nanopores	   via	   pipette	   pulling	   and	   their	   subsequent	  shrinkage	  via	  ALD	  of	  Al2O3.	  Current	  voltage	  curves	  are	   subsequently	  obtained	  with	  these	  modified	  pores	  and	  their	  noise	  performance	  compared	  to	  uncoated	  pipettes.	   All	   subsequent	   experiments	   in	   this	   chapter	   were	   carried	   out	   in	  collaboration	  with	  Jasmine	  Sze	  and	  the	  University	  of	  Minnesota.	  4.3.1	  Pipette	  Fabrication	  and	  Characterisation	  
Nanopipettes	   for	   subsequent	   ALD	   deposition	  were	   fabricated	   as	   described	   in	  
Section	   2.1	   from	   quartz	   capillaries	   with	   an	   internal	   diameter	   of	   0.5	  mm,	  external	  diameter	  of	  1	  mm	  and	  length	  of	  75	  mm.	  Pipette	  pulling	  was	  once	  again	  via	  a	  two	  stage	  process	  using	  parameters:	  	   HEAT	   FIL	   VEL	   DEL	   PULL	  Stage	  1	   575	   3	   35	   145	   75	  Stage	  2	   600	   0	   15	   128	   200	  	  Stage	  1	  pulls	  a	  1.2	  mm	  taper	  into	  the	  capillary	  before	  the	  second	  forms	  the	  glass	  nanopore	   itself.	   After	   fabrication,	   the	   glass	   nanopores	   produced	   were	  characterised	   electrically	   using	   the	   set	   up	   described	   in	   Section	   2.3	   and	  buffered	  1	  M	  KCl	  as	  described	  in	  Section	  2.5.1.	  Electrical	   characterisation	   of	   these	   glass	   nanopores	   revealed	   no	   rectification	  and	  a	  measured	  conductance	  of	  252	  ±	  16	  nS	  under	  these	  conditions,	  from	  data	  presented	   in	   Figure	  4.7.	   Again,	   as	   in	   Section	   4.1.1,	   pipettes	   displaying	  conductance	   values	   far	   away	   from	   those	   typically	   seen	   were	   excluded	   from	  further	   analysis	   on	   the	   assumption	   they	   were	   blocked	   or	   broken,	   thus	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unrepresentative	   of	   the	   pore’s	   true	   size.	   The	   measured	   conductance	   of	  successfully	   fabricated	  pores	  was	  calculated	   to	  correspond	  to	  a	  pore	  diameter	  of	  75	  ±	  5	  nm,	  3-­‐4	  times	  as	  large	  as	  the	  nanopipettes	  fabricated	  previously.	  This	  increase	  in	  pore	  size	  is	  expected	  due	  to	  the	  reduction	  in	  the	  laser	  heating	  of	  the	  capillary	   in	   the	   second	   cycle	   of	   pipette	   fabrication,	   resulting	   in	   earlier	   pore	  formation	  on	  pulling	  and	  thus	  a	  larger	  measured	  diameter.	  
	  
Figure	  4.7.	   The	  average	  I/V	  curve,	  taken	  across	  thirty	  pipettes	  containing	  buffered	  KCl	  (1	  M,	  pH	  8),	   for	   the	   as	   fabricated	   pipettes.	   A	   mean	   conductance	   of	   252	  ±	  16	   nS	   was	  obtained	  for	  these	  pipettes.	  Errors	  as	  presented	  are	  the	  standard	  deviation	  in	  the	  current	  between	  individual	  devices	  at	  each	  voltage.	  
	  4.3.2	  Modification	  with	  Atomic	  Layer	  Deposition	  	  
Nanopipettes,	  as	  fabricated	  in	  the	  previous	  section,	  were	  sent	  to	  the	  University	  of	  Minnesota	  where	  the	  atomic	  layer	  deposition	  (ALD)	  of	  Al2O3	  was	  undertaken,	  as	  described	  in	  Section	  2.1.3.	  Layers	  of	  Al2O3	  with	  calculated	  thicknesses	  8	  nm,	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14	  nm	  and	  17	  nm	  were	  deposited	  on	  the	  pipettes,	  enabling	  the	  rate	  of	  decrease	  of	   the	   nanopore	   diameter	   to	   be	   characterised.	   After	   ALD,	   the	   diameter	   of	   the	  nanopipettes	  at	  all	   three	  deposition	  thicknesses	  was	  characterised	  electrically,	  the	  results	  presented	  in	  Figure	  4.8.	  
	  
Figure	  4.8.	   The	  pipette	  diameter,	  measured	  electrically	   in	  pipettes	   containing	  buffered	  KCl	  (1	  M,	   pH	  8),	   plotted	   against	   the	   thickness	   of	   the	   Al2O3	   layer	   deposited.	   The	  diameter	  of	  a	  minimum	  of	   ten	  pipettes	  at	  each	  of	   the	  deposition	   thicknesses	  of	  8	  nm,	  14	  nm	  and	  17	  nm	  were	  measured.	  The	  red	  line	  represents	  a	  linear	  fit	  to	  the	  data.	  
	  
Figure	  4.8	  indicates	  that	  the	  diameter	  of	  the	  nanopore	  decreased	  linearly	  with	  the	   deposition	   of	   Al2O3,	   as	   expected.	   However,	   the	   rate	   of	   decrease	   in	   the	  nanopore	  diameter	  was	  faster	  than	  expected.	  Due	  to	  the	  conformal	  nature	  of	  the	  ALD	  process	  a	  2	  nm	  reduction	  in	  pore	  diameter	  was	  expected	  for	  every	  1	  nm	  of	  Al2O3	  deposited,	  whereas	  the	  measured	  rate	  is	  ~150%	  of	  this.	  Such	  a	  deviation	  from	   the	   expected	   rate	   of	   decrease	   is	   possible	   for	   two	   reasons:	   firstly,	   the	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deposition	   may	   be	   changing	   other	   aspects	   of	   the	   nanopipette	   geometry,	   for	  example	   the	   effective	   taper	   length,	   to	   such	   a	   degree	   that	   they	   affect	   the	  calculation	   of	   the	   pore	   diameter,	   or	   secondly,	   that	   the	   deposition	   is	   not	   as	  uniform	  as	  expected	  in	  the	  confined	  geometry	  of	  the	  nanopipette.	  As	  such,	  SEM,	  as	  described	  in	  Section	  4.1.2,	  was	  used	  to	  examine	  the	  layer	  of	  Al2O3	  deposited	  on	  the	  surface	  of	  the	  nanopipette.	  Typical	  images	  are	  presented	  in	  Figure	  4.9.	  
	  
Figure	  4.9.	   Top:	  pipette	  after	  8	  nm	  deposition	  of	  Al2O3.	  Particles,	  likely	  Al2O3,	  can	  be	  seen	  on	  the	   surface	   of	   the	   pipette	   and	   partially	   obstructing	   the	   glass	   nanopore.	   	   Pore	  diameter	  was	  measured	   as	   62	  nm,	   in	   good	   agreement	  with	   the	   electrical	   data.	  
Bottom:	  pipette,	  again	  after	  8	  nm	  deposition	  of	  Al2O3,	  showing	  large	  numbers	  of	  particles	  on	  the	  pipette	  surface	  and	  a	  glass	  nanopore	  with	  a	  measured	  diameter	  of	  57	  nm,	  again	  in	  good	  agreement	  with	  electrical	  data.	  Scale	  bars	  in	  both	  images	  are	  200	  nm.	  
Nanopipette	  Characterisation	  and	  Modification	  
	  
Chapter	  4	   Page	  105	  
Nanopore	  diameters,	   as	  measured	  with	   the	  SEM,	  were	   in	  excellent	   agreement	  with	   the	   values	   calculated	   from	   the	   electrical	   data.	   However,	   the	   images	  obtained	   clearly	   displayed	   non-­‐uniform	   coating	   of	   the	   pipettes,	   with	   large	  particles	  of	  material	  on	  the	  surface	  of	  the	  pore.	  These	  particles	  were	  often	  seen	  partially	   obscuring	   the	   pore,	   prematurely	   shrinking	   the	   pore	   diameter,	   thus	  causing	   the	   faster	   than	  expected	  decrease	   in	  pore	   conductance	  observed	  with	  the	  electrical	  measurements.	  The	   formation	   of	   the	   particles	   is	   likely	   to	   be	   during	   the	   ALD	   process	   itself.	  Nanopipette	   images	   such	   as	   those	   in	   Section	   4.1.2	   demonstrate	   that	   the	  particles	   are	   not	   present	   after	   the	   pulling	   process	   or	   formed	   during	   the	  preparation	  of	  the	  sample	  for	  the	  SEM.	  Thus	  the	  likely	  cause	  of	  the	  particles	  is	  the	  presence	  of	  contaminants	  on	  the	  surface	  of	  the	  nanopipette	  that	  grow	  due	  to	  the	   ALD	   process.	  Whilst	   the	   nanopipettes	   are	   exposed	   to	   plasma	   before	   ALD,	  removing	   any	   organic	   contaminants,	   other	   particles	   may	   remain.	   These	  contaminants	  will	   subsequently	   grow,	   due	   to	   the	   layer	   by	   layer	   deposition	   of	  Al2O3,	   obscuring	   the	   glass	   nanopore	   beyond	   what	   would	   be	   expected	   and	  increasing	  the	  reduction	  in	  the	  measured	  conductance.	  4.3.3	  Noise	  in	  the	  Modified	  Pipettes	  	  
When	  examining	  current	  traces	  with	  the	  nanopipettes	  modified	  by	  ALD,	  it	  was	  observed	  that	  noise	  levels	  in	  these	  pipettes	  were	  greater	  than	  seen	  in	  pipettes	  before	   deposition.	   At	   sampling	   and	   filtering	   rates	   of	   100	   kHz	   and	   10kHz	  respectively,	   unmodified	   pipettes	   typically	   exhibited	   a	   peak	   to	   peak	   noise	   of	  50	  pA,	   whereas	   the	   noise	   in	   modified	   pipettes	   was	   almost	   universally	   above	  100	  pA	  under	  the	  same	  conditions.	  PSD	  of	  the	  original	  and	  modified	  pipettes	  are	  presented	  in	  Figure	  4.10.	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Figure	  4.10.	   PSD	  of	  pipettes	  modified	  with	  0	  nm	  (black)	  8nm	  (red),	  14	  nm	  (blue)	  and	  17	  nm	  (green)	  layers	  of	  Al2O3.	  These	  spectra	  were	  obtained	  from	  data	  measured	  using	  1	  M	  KCl	  at	  pH	  8	  and	  an	  applied	  voltage	  	  of	  500	  mV,	  subsequently	  filtered	  using	  an	  8	  pole	  Bessel	  filter	  at	  10	  kHz.	  Electrical	  noise	  increases	  with	  deposition	  thickness	  across	   the	   full	   range	   of	   frequencies	   and	   shows	   a	  1 𝑓  dependence	   at	   low	  frequencies	  in	  all	  four	  nanopipettes.	  
	  The	   observed	   increase	   in	   electrical	   noise	   with	   deposition	   thickness	   was	  unexpected.	  A	   smaller	   pore	   is	   expected	   to	   result	   in	   lower	  noise	   levels,	   due	   to	  lower	   currents	  and	   thus	  a	   reduction	   in	   thermal,	   shot	  and	   flicker	  noise.	  Whilst	  the	   deposition	   of	   Al2O3	   may	   increase	   dielectric	   noise	   as	   it	   has	   a	   greater	  dielectric	   constant	   than	   quartz,22	   this	   should	   only	   affect	   noise	   in	   the	   higher	  frequency	   range.	   In	   addition,	   Al2O3	   has	   also	   been	   seen	   to	   reduce	  1 𝑓	  noise.16	  The	  observed	  rise	  is	  thus	  likely	  due	  to	  the	  increased	  surface	  roughness	  present	  in	   the	   modified	   pipettes,	   following	   the	   deposition	   of	   Al2O3	   on	   contaminants	  present	   on	   the	   pipette	   surface.	   These	   contaminants	   have	   unknown	   electrical	  properties	  and	  gradually	  impinge	  on	  the	  glass	  nanopore	  itself	  as	  the	  thickness	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of	   Al2O3	   grows,	   potentially	   increasing	   electrical	   noise	   due	   to	   the	   trapping	   of	  nanobubbles	  or	  the	  cooperative	  movement	  of	  confined	  ions	  for	  example.23,24	  4.3.4	  Further	  Shrinking	  and	  Sub-­‐Nanometre	  Pores	  
As	  noise	  was	  found	  to	  increase	  with	  the	  thickness	  of	  Al2O3,	  the	  next	  logical	  step	  was	  to	  decrease	  the	  thickness	  of	  the	  layer	  required	  to	  achieve	  the	  smallest	  pore	  sizes.	   As	   such,	   ALD	  was	   undertaken	   on	   the	   pipettes	   described	   in	  Section	  4.1,	  with	  a	  calculated	  initial	  diameter	  of	  20	  ±	  1	  nm.	  At	  first,	  a	  5	  nm	  layer	  of	  Al2O3	  was	  deposited	   with	   the	   average	   current/voltage	   curve	   obtained	   across	   ten	  nanopipettes	  shown	  in	  Figure	  4.11.	  
	  
Figure	  4.11.	  	   The	   average	   I/V	   curve,	   taken	   across	   ten	   nanopipettes	   containing	   buffered	   KCl	  (1	  M,	  pH	  8),	  for	  an	  individual	  nanopipette	  after	  a	  5	  nm	  Al2O3	  deposition.	  Errors	  as	  presented	   are	   the	   standard	   deviation	   in	   the	   current	   between	   individual	  nanopipettes	  at	  each	  voltage.	  
	  In	   buffered	   1	  M	  KCl,	   the	   conductance	   of	   these	  modified	   pipettes	   in	   the	   linear	  section	   of	   the	   current	   voltage	   curve	   between	   ±	  200	  mV	   was	   measured	   as	  11.4	  ±	  1.4	  nS,	  giving	  a	  calculated	  pore	  diameter	  of	  3.9	  ±	  0.6	  nm.	  As	  such	  the	  pore	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is	   measured	   to	   have	   shrunk	   at	   ~160%	   of	   the	   expected	   rate.	   This	   rate	   of	  shrinkage	   is	   in	   excellent	   agreement	  with	  observations	  made	   in	  Section	   4.3.2,	  again	  likely	  due	  to	  the	  partial	  obstruction	  of	  the	  pore	  by	  contaminant	  particles.	  These	  modified	  pores	  differ	  from	  their	  unaltered	  precursors	  in	  that	  they	  display	  a	   non-­‐linear	   current/voltage	   curve	   in	   the	   ±	  500	  mV	   range	   while	   filled	   with	  buffered	  1	  M	  KCl.	  At	  such	  small	  pore	  diameters,	  the	  surface	  contribution	  to	  the	  measured	  pore	   current	   at	   an	  applied	  voltage	  becomes	   significant;	   in	   this	   case	  causing	  a	  decrease	  in	  the	  measured	  pore	  resistance	  as	  the	  voltage	  increases.	  Other	   pipettes,	   again	   as	   fabricated	   in	   Section	  4.1,	   were	   coated	  with	   an	   8	  nm	  layer	   of	   Al2O3	   by	   ALD.	   Three	   typical	   current	   voltage	   curves	   are	   shown	   in	  
Figure	  4.12.	  
	  
Figure	  4.12.	  	   Three	   typical	   I/V	   curves	   for	   nanopipettes	   containing	   buffered	   KCl	   (1	  M,	   pH	  8)	  after	   an	   8	  nm	   Al2O3	   deposition.	   All	   three	   pipettes	   display	   rectification,	   with	  rectification	  ratios	  between	  1.5	  and	  2.2.	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Nanopipettes	   modified	   with	   8	  nm	   of	   Al2O3	   had	   a	   measured	   conductivity	   of	  1.2	  ±	  0.9	  nS	  in	  buffered	  1	  M	  KCl,	  giving	  a	  calculated	  diameter	  of	  0.4	  ±	  0.3	  nm.	  All	  measured	   pipettes	   with	   sub-­‐nanometre	   pores	   displayed	   rectification,	   with	  higher	   currents	   measured	   upon	   application	   of	   a	   positive	   bias.	   The	   degree	   of	  rectification	  was	  characterised	  with	  the	  use	  of	  a	  ratio,	  defined	  as:	  
𝑅!"# =    𝐼!!""  !"𝐼!!""  !" 	  Values	   of	  𝑅!"# 	  between	  1.16	   and	  3.01	  were	  measured,	  with	   the	   average	   value	  being	  1.95	  ±0.76.	  Such	  a	  rectification	  is	  expected	  in	  these	  sub-­‐nanometre	  pores	  due	  to	  their	  surface	  charge	  and	  asymmetric	  geometry.25–27	  4.3.5	   Noise	   in	   the	   Further	   Shrunk	   and	   Sub-­‐Nanometre	  Pores	  
To	  establish	  the	  suitability	  of	  these	  nanopipettes	  for	  the	  electrical	  detection	  of	  single	  molecules,	  noise	  analysis	  was	  once	  again	  undertaken	  on	   representative	  current	   traces.	   Power	   spectra	   of	   the	   original	   and	   two	   modified	   pipettes	   are	  presented	  in	  Figure	  4.13.	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Figure	  4.13.	   Power	  spectra	  of	  pipettes	  modified	  with	  0	  nm	  (black)	  5nm	  (red)	  and	  8	  nm	  (blue)	  layers	   of	  Al2O3.	   These	  power	   spectra	  were	  obtained	   from	  data	  measured	  using	  1	  M	  KCl	  at	  pH	  8	  and	  an	  applied	  voltage	  of	  500	  mV,	  subsequently	  filtered	  using	  an	  8	  pole	  Bessel	  filter	  at	  10	  kHz.	  As	  seen	  previously,	  electrical	  noise	  increases	  with	  deposition	  thickness	  across	  the	  full	  range	  of	  frequencies.	  
	  As	  was	  the	  case	  with	  the	  larger	  glass	  nanopores,	  increasing	  the	  thickness	  of	  the	  Al2O3	  increased	  the	  electrical	  noise	  across	  the	  entire	  frequency	  range.	  However,	  the	   noise	   increase	   observed	   for	   a	   given	   thickness	   of	   Al2O3	   was	   reduced	   in	  magnitude	   for	   the	   smaller	   glass	   nanopores,	   due	   to	   a	   reduction	   in	   shot	   and	  flicker	  noise	  due	  to	  a	  lower	  pore	  current.	  
4.4	  Summary	  
The	   diameter	   of	   the	   glass	   nanopores	   produced	   by	   pipette	   pulling	   were	  characterised	   both	   electrically	   and	   with	   scanning	   electron	   microscopy.	   Both	  methods	   produced	   measurements	   of	   pore	   diameter	   that	   were	   in	   good	  agreement,	   20	  ±	  1nm	   and	   24	  ±	  1	  nm	   respectively.	   Subsequently,	   the	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conductance	  of	  the	  double	  nanopipette	  device	  was	  measured	  as	  55%	  of	  that	  of	  a	  single	   nanopipette.	   Such	   a	   result	   is	   within	   expectations	   and,	   along	   with	   SEM	  images	   of	   the	   pipette	   tips	   in	   the	  microfluidic	   channel,	   confirm	   the	   successful	  fabrication	  of	  the	  device.	  To	   obtain	   nanopipettes	   with	   glass	   nanopore	   diameters	   below	   20	  nm,	   the	  modification	   of	   pulled	   pipettes	   with	   the	   ALD	   of	   Al2O3	   was	   then	   undertaken.	  Pipettes	   with	   a	   pulled	   diameter	   of	   75	   ±	  5	  nm	   were	   fabricated	   before	  modification	  reduced	  the	  diameter	  of	  the	  glass	  nanopore.	  The	  measured	  rate	  of	  diameter	  decrease	  was	  150%	  of	  that	  expected,	  due	  to	  the	  gradual	  obstruction	  of	  the	  pore	  due	  to	  the	  growth	  of	  particles	  formed	  from	  contaminants	  on	  the	  pore	  surface.	   These	  particles	  were	   also	   associated	  with	   an	   increase	   in	   noise	   as	   the	  thickness	  of	  the	  deposited	  layer	  of	  Al2O3	  grew,	  contrary	  to	  expectations.	  As	   a	   next	   step,	   to	   reduce	   the	   large	   levels	   of	   electrical	   noise	   seen	   with	   thick	  layers	   of	   Al2O3,	   ALD	   was	   performed	   on	   the	   original	   pipettes,	   those	   with	   a	  20	  ±	  1	  nm	  pore	  diameter.	  Here	   the	  aim	  was	  to	  decrease	   the	   thickness	  of	  Al2O3	  required	   to	  obtain	  a	  specific	  pore	  size	  and	   thus	   the	  measured	  electrical	  noise.	  Whilst	  the	  ALD	  process	  still	  increased	  the	  level	  of	  noise	  over	  a	  bare	  nanopipette,	  this	  increase	  was	  smaller	  in	  size	  and	  at	  a	  level	  where	  single	  molecule	  detection	  could	  be	  feasibly	  undertaken.	  Using	  this	  fabrication	  method,	  pores	  calculated	  to	  be	   sub-­‐nanometre	   in	   diameter	  were	   formed,	   displaying	   rectification	   ratios	   of	  between	  1.16	  and	  3.01.	  However,	  despite	  the	  pore	  size	  advantages	  of	  the	  modified	  nanopipettes,	  in	  the	  remainder	  of	  this	  thesis	  only	  bare	  nanopipettes	  as	  presented	  in	  Section	  4.1	  are	  used.	   Primarily	   this	  was	   due	   to	   the	   availability	   of	   the	  modified	   nanopipettes;	  only	  small	  batches	  could	  be	  processed	  at	  any	  one	  time	  and	  the	  overall	  process	  was	   time	   consuming.	   As	   such,	   due	   to	   the	   75%	   failure	   rate	   of	   the	   double	  nanopipette	   devices	   and	   the	   ability	   of	   unmodified	   pipettes	   to	   detect	   DNA	  translocations,	  completing	  experiments	  at	  the	  rate	  required	  for	  the	  completion	  of	   the	   project	  would	   have	   been	   difficult.	   Therefore	   unmodified	   pipettes	  were	  preferred	  in	  all	  future	  experiments.	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Droplet	  Production	  and	  
Characterisation	  in	  Double	  
Nanopipette	  Devices	  
The	   analysis	   of	   droplets	   in	   a	   microfluidic	   device	   is	   of	   great	   importance	   in	  analytical	  chemistry,	  thus	  it	  is	  unsurprising	  it	  is	  well	  discussed	  in	  the	  literature.	  The	  detection	  of	  droplets	  is	  frequently	  undertaken	  with	  fluorescence	  methods,1–5	   whilst	   the	   use	   of	   electrical	   techniques	   to	   analyse	   droplets	   in	   a	  microfluidic	  flow	  is	  far	  less	  common.	  To	  date,	  electrical	  methods	  presented	  in	  the	  literature	  have	   been	   used	   to	   measure	   the	   length,	   speed	   and	   frequency	   of	   microfluidic	  droplets.	  In	   2008,	   Liu	   et	  al.	   presented	   a	  method	   for	  measuring	   these	   parameters	   using	  chronamperometry.6	  Here,	  an	  electrolyte	  was	  added	  to	  the	  carrier	  fluid	  and	  the	  change	  in	  observed	  current	  from	  electrodes	  placed	  in	  the	  microfluidic	  channel,	  due	   to	   the	   variation	   in	   the	   diffusion	   profile	   around	   the	   electrode	   on	   droplet	  passage,	  used	  to	  deduce	  droplet	  size	  and	  frequency.	  The	  addition	  of	  a	  second	  set	  of	  electrodes	  at	  a	  different	  channel	  location	  was	  used	  to	  detect	  droplet	  velocity.	  Elbuken	   et	   al.	   have	   subsequently	   demonstrated	   the	   measurement	   of	   droplet	  velocity,	   size	   and	   frequency	   using	   a	   capacitance	   based	   approach.7	   Here,	   co-­‐planar	  electrodes	  made	  of	  layers	  of	  chromium	  and	  copper	  were	  fabricated	  such	  that	  they	  were	  contained	  in	  a	  microfluidic	  channel	  and	  used	  to	  detect	  increases	  in	   capacitance	   upon	   droplet	   passage.	   Whilst	   a	   single	   pair	   of	   electrodes	   can	  detect	   the	  presence	  of	   a	  droplet,	   arrays	  of	   electrodes	  were	   required	   to	  detect	  droplet	  length	  and	  speed.	  As	  such,	  in	  this	  chapter	  the	  possibility	  of	  using	  the	  double	  nanopipette	  device,	  as	  described	   in	  Section	  2.2.5,	   to	   investigate	   the	   size	   and	   frequency	  of	   individual	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droplets	  is	  investigated.	  The	  optimum	  parameters	  for	  droplet	  creation	  in	  the	  T-­‐junction	   geometry,	   described	   in	  Section	  3.2,	   are	   used	   throughout.	   Firstly,	   the	  viability	  of	  droplets	   in	   the	  double	  nanopipette	  device	  as	   they	  pass	   the	  pipette	  structure	   is	   investigated,	   followed	  by	  an	  analysis	  of	   the	  observed	  variations	   in	  droplet	  velocity.	  Subsequently,	  the	  droplet	  size	  and	  the	  frequency	  of	  production	  are	  examined	  via	  both	  optical	  and	  electrical	  means	  before	  the	  limitations	  of	  the	  device	  are	  briefly	  discussed.	  
5.1	   Droplet	   Viability	   in	   the	   Double	   Nanopipette	  
Device	  
Successful	  operation	  of	  the	  double	  nanopipette	  device,	  its	  fabrication	  discussed	  in	  Section	  2.2.5,	  requires	  all	  droplets	  to	  remain	  intact	  during	  their	  passage	  past	  the	   glass	   nanopores.	   This	   is	   clearly	   at	   odds	   with	   the	   introduction	   of	   a	   sharp	  object,	   in	   this	   case	   the	   glass	   nanopores	   themselves,	   into	   the	   microfluidic	  channel.	   To	   investigate	   the	   viability	   of	   droplets	   in	   the	   device,	   droplets	   were	  imaged	   using	   the	   high	   speed	   camera	   as	   they	   passed	   through	   the	   area	   of	   the	  glass	  nanopores.	  5.1.1	  Droplet	  Deformation	  
In	   fabricated	   devices	   there	   was	   no	   permanent	   deformation	   of	   the	   droplet	  observed	   during	   its	   passage.	   No	   splitting	   of	   the	   droplet	   into	   smaller	   droplets	  was	   observed	   and	   no	   volume	   was	   lost,	   as	   determined	   by	   droplet	   size,	   while	  passing	  through	  the	  glass	  nanopore	  area,	  illustrated	  in	  Figure	  5.1.	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Figure	  5.1.	  	   Optical	   images	  of	  droplet	  production	   (a),	   transport	   (b	  and	  d)	  and	  detection	   (c)	  taken	  with	  an	  exposure	  time	  of	  50	  µs	  at	  a	  frame	  rate	  of	  1000	  fps.	  All	  images	  were	  taken	  at	  a	  flow	  rate	  of	  10	  mm	  s-­‐1	  with	  an	  applied	  voltage	  of	  500	  mV.	  Note	  that	  the	  red	   lines	   in	   b	   and	   d	   are	   the	   same	   length,	   indicating	   the	   droplet	   suffers	   no	  permanent	  deformation	  or	  loss	  in	  volume	  after	  its	  passage	  through	  the	  detection	  area.	  Scale	  bars	  are	  all	  100	  µm.8	  
	  The	  absence	  of	  any	  permanent	  deformation	  of	  the	  droplets	  is	   likely	  due	  to	  the	  laminar	   nature	   of	   the	   flow	   in	   the	   microfluidic	   channel.	   In	   Figure	   5.1	   the	  Reynolds	  number	  of	  the	  flow	  is	  0.45,	  as	  such	  the	  flow	  is	  in	  the	  laminar	  regime	  without	   vortices,	   eddies	   and	   wakes	   in	   the	   channel.	   The	   absence	   of	   these	  features,	   seen	   in	   turbulent	   systems	  with	   a	   higher	   Reynolds	   number,	   is	   a	   key	  factor	   in	   the	  absence	  of	   any	  permanent	  deformation	  of	   the	  droplets	   and	   their	  smooth	  passage	  through	  the	  detection	  area.	  5.1.2	  Droplet	  Velocity	  	  
During	   the	   passage	   of	   the	   droplet	   through	   the	   glass	   nanopores	   the	   only	  observed	   change	   in	   droplet	   behaviour	   was	   a	   slight	   increase	   in	   velocity,	   see	  
Figure	  5.2.	  The	  increase	  in	  droplet	  velocity	  in	  the	  area	  of	  the	  glass	  nanopores	  can	  be	  explained	  by	  the	  excluded	  volume	  of	   the	  pipettes	   themselves,	  reducing	  
Droplet	  Production	  and	  Characterisation	  in	  Double	  Nanopipette	  Devices	  
	  
Chapter	  5	   Page	  116	  
the	   effective	   channel	   cross	   section	   and	   causing	   a	   concomitant	   increase	   in	  droplet	   velocity	   that	   decreases	   again	   as	   the	   cross	   section	   returns	   to	   its	   usual	  value.	  
	  
Figure	  5.2.	  	   (a	  and	  b)	  Measurement	  of	  droplet	  velocity	  at	  4	  locations:	  1,	  in	  the	  main	  channel	  before	  the	  glass	  nanopores,	  2,	   in	  the	  area	  of	  the	  glass	  nanopores	  before	  droplet	  piercing,	  3,	  in	  the	  area	  of	  the	  glass	  nanopores	  after	  droplet	  piercing	  and	  4,	  in	  the	  main	  channel	  after	  the	  glass	  nanopores.	  In	  each	  location	  the	  velocity	  of	  both	  the	  leading	  and	   trailing	  droplet	   edges	  were	  measured	  at	  point	  denoted	  by	   red	  and	  blue	  lines	  respectively.	  Arrows	  indicate	  the	  direction	  of	  flow	  (nominally	  10	  mm	  s-­‐1)	  and	  the	  scale	  bar	  is	  100	  µm.	  (c)	  Average	  velocities	  at	  each	  of	  the	  four	  locations	  for	  the	  droplet’s	   leading	  edge	  (red	  data	  points),	   trailing	  edge	  (blue	  data	  points)	  and	   the	  droplet	   as	   a	  whole	   (black	  data	  points).	   showing	  an	   increase	   in	  droplet	  velocity	  around	  the	  glass	  nanopores.	  Error	  bars	  are	  the	  standard	  deviation	  of	  the	  droplet	  velocity	  in	  all	  cases.8	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5.2	   Electrical	   and	   Optical	   Characterisation	   of	  
Droplets	  
Initial	   experiments	   with	   the	   fabricated	   devices	   centred	   on	   their	   ability	   to	  reliably	  and	   reproducibly	  detect	   the	  passage	  of	  droplets	  electrically.	  As	  a	   first	  stage,	   electrical	   measurements	   of	   droplet	   length	   were	   compared	   to	   optically	  collected	  control	  data	  sets.	  5.2.1	  Electrical	  Analysis	  
The	   electrical	  measurement	   of	   droplet	   length,	   undertaken	  with	   the	   apparatus	  described	   in	  Section	   2.3,	  was	   facilitated	   by	   changes	   in	   the	  measured	   current	  during	   droplet	   passage.	   On	   application	   of	   a	   500	   mV	   bias	   across	   the	   glass	  nanopores	  the	  high	  resistivity	  of	   the	   fluorinated	  oil	  continuous	  phase	  resulted	  in	  a	  measured	  current	  of	  around	  20	  pA	  with	  a	  root	  mean	  squared	  noise	  (RMS)	  of	  ~15	  pA.	  When	  both	   glass	   nanopores	   pierced	   a	   droplet	   containing	   buffered	  1	  M	  KCl	  a	  current	  increase	  to	  around	  15	  nA	  with	  an	  RMS	  noise	  of	  ~30	  pA	  was	  seen	   due	   to	   the	   increased	   conductivity	   of	   the	   buffered	   KCl	   segmented	   phase.	  The	   overall	   effect	   was	   the	   production	   of	   a	   characteristic	   ‘square	   wave’	  fluctuation	  in	  the	  current	  against	  time	  trace	  during	  droplet	  production	  as	  seen	  in	  Figure	  5.3.	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Figure	  5.3.	   Square	  wave	  trace	  seen	  during	  the	  electrical	  detection	  of	  droplets	  using	  1	  M	  KCl	  at	   pH	  8	   and	  a	   flow	  velocity	   of	   5	  mm	  s-­‐1.	   Each	   current	  peak	   corresponds	   to	   the	  passage	  of	  a	  single	  droplet.8	  	  Square	   wave	   patterns	   on	   droplet	   passage	   have	   been	   seen	   previously	   in	  fluorescence	   experiments	   due	   to	   the	   background	   fluorescence	   of	   the	   droplets	  themselves.5	   Such	   fluorescent	  monitoring	  has	  been	  demonstrated	  with	   a	   time	  scale	  of	  1	  µs,9	  comparing	  favourably	  with	  the	  50	  kHz	  sampling	  rate	  used	  for	  this	  experiment,	   although	   such	   rates	   of	   electrical	   measurement	   are	   possible.10	  Devices	  used	  in	  these	  experiments	  exhibited	  noise	  levels	  above	  those	  commonly	  seen	   in	   glass	   nanopore	   experiments11	   with	   the	   syringe	   pumps	   providing	   the	  fluidic	   flows	   identified	   as	   the	   source	   of	   the	   increased	   noise.	   Consequently,	   all	  syringe	  pumps	  were	   located	  outside	  of	   the	  experimental	  Faraday	  cage	  and	  all	  data	  filtered	  at	  10	  kHz	  to	  reduce	  the	  electrical	  noise	  as	  far	  as	  possible.	  5.2.2	  Comparison	  to	  an	  Optical	  Control	  
Optical	  control	  experiments	  were	  conducted	  with	  a	  high	  speed	  camera	  using	  an	  exposure	   time	   of	   10	   µs	   and	   a	   frame	   rate	   of	   1000	   fps.	   Droplet	   length	   was	  subsequently	  measured	   using	   the	   commercially	   available	   software	   Image-­‐J.	   A	  typical	  processed	  experimental	  trace	  from	  an	  optical	  control	  is	  compared	  to	  the	  raw	   data	   from	   an	   electrical	   experiment	   in	   Figure	   5.4.	   Inset	   into	   each	   of	   the	  experimental	   traces	   is	   a	   Fourier	   transform	   of	   the	   raw	   data	   showing	   peaks	   at	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11.9	   and	   12.2	   s-­‐1	   for	   the	   optical	   and	   electrical	   experiments	   respectively,	  indicating	  consistent	  droplet	  detection	  between	  the	  two	  platforms.	  
	  
Figure	  5.4.	   (a)	  Typical	   processed	   traces	   from	  an	  optical	   droplet	  measurement	   experiment.	  Inset:	  Fourier	  transform	  of	  the	  droplet	  signal	  showing	  an	  initial	  peak	  at	  11.9	  s-­‐1.	  (b)	  Characteristic	   square	   wave	   trace	   as	   seen	   during	   the	   electrical	   detection	   of	  droplets,	   here	   using	   1	   M	   KCl	   at	   pH	   8.	   Inset:	   Fourier	   transform	   of	   the	   droplet	  signal	   showing	   an	   initial	   peak	   at	   12.2	   s-­‐1,	   in	   excellent	   agreement	   with	   the	  optically	  recorded	  data.	  For	  both	  (a)	  and	  (b)	  data	  was	  collected	  at	  a	  flow	  rate	  of	  5	  mm	  s-­‐1.8	  	  Data	  as	  presented	  in	  Figure	  5.4	  was	  collected	  for	  flow	  velocities	  between	  3	  and	  30	  mm	  s-­‐1	  at	  a	  Wf	  of	  0.5	  and	  subsequently	  used	  to	  determine	  the	  droplet	  length	  distributions	   for	   each	   flow	   rate.	   Data	   from	   each	   flow	   rate	  was	   used	   to	   create	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histograms	   illustrating	   the	   distributions	   in	   droplet	   length	   with	   examples,	  measured	  at	  a	  flow	  rate	  of	  10	  mm	  s-­‐1	  shown	  in	  Figure	  5.5.	  
	  
Figure	  5.5.	  	   (a)	   Typical	   droplet	   length	   distribution	   as	   measured	   optically,	   fitted	   with	   a	  Gaussian	   curve	   to	   obtain	   the	   most	   probable	   droplet	   length	   and	   standard	  deviation,	   here	   0.442	   ±	   0.007	   mm.	   (b)	   Typical	   droplet	   length	   distribution	   as	  measured	  electrically	  with	  an	  average	  droplet	  length	  of	  0.442	  ±	  0.006	  mm.	  Both	  curves	  measured	  at	  a	  flow	  velocity	  of	  10	  mm	  s-­‐1.8	  
	  The	   histograms	   produced	   showed	   a	   Gaussian	   distribution	   of	   droplet	   lengths	  from	  which	  fitting	  parameters	  were	  extracted	  to	  obtain	  the	  distribution’s	  mean	  and	  standard	  deviation.	  These	  values	  were	  then	  plotted	  across	  the	  full	  range	  of	  experimental	  flow	  velocities,	  Figure	  5.6,	  showing	  that	  droplet	  length	  remained	  consistent	  across	  flow	  rates	  and	  between	  devices	  at	  a	  constant	  Wf	  as	  expected,12	  whether	   measured	   electrically	   or	   optically.	   The	   agreement	   between	   the	   two	  methods	   of	   measurement	   is	   best	   illustrated	   by	   comparing	   the	   mean	   droplet	  length	  across	  all	  measured	  droplets	  for	  both	  electrical	  and	  optical	  experiments,	  found	  to	  be	  within	  error	  at	  0.43	  ±	  0.03	  mm	  	  and	  0.45	  ±	  0.03	  mm	  respectively.	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Figure	  5.6.	   (a)	   Optically	   measured	   droplet	   length	   between	   flow	   rates	   of	   3	   and	   30	  mm	  s-­‐1.	  (b)	  Droplet	  length	  as	  measured	  with	  the	  glass	  nanopores	  at	  flow	  rates	  between	  3	  and	  30	  mm	  s-­‐1.	  Errors	  presented	  are	  the	  standard	  deviation	  in	  droplet	  length	  for	  each	  device.8	  
	  5.2.3	  Droplet	  Polydispersity	  
As	  well	  as	  demonstrating	  the	  agreement	  between	  electrical	  and	  optical	  methods	  of	  measuring	  droplet	  length,	  the	  analysis	  in	  the	  previous	  section	  also	  shows	  that	  there	   is	   a	   distribution	   of	   droplet	   sizes	   produced	   at	   each	   flow	   rate:	   thus	   the	  droplets	  are	  not	  truly	  monodisperse.	  Droplets	  as	  produced	  had	  a	  polydispersity	  index	  of	  6.9%,	  four	  times	  as	  large	  as	  values	  previously	  achieved	  in	  microfluidic	  droplet	  devices13	  and	  3.5	  times	  as	  large	  as	  droplets	  produced	  at	  Wf	  =	  0.5	  in	  the	  simple	  T-­‐junction	  device	  in	  Section	  3.2.	  The	   increase	   in	   droplet	   polydispersity	   can	   be	   accounted	   for	   by	   small	  instabilities	   in	   the	   microfluidic	   flow.	   These	   instabilities	   are	   caused	   by	   the	  presence	   of	   small	   bubbles	   of	   air	   that	   frequently	   remain	   around	   the	   glass	  nanopores	   in	   the	   access	   channels	   after	   the	   device	   has	   been	   filled,	   their	   easily	  compressible	  nature	  increasing	  any	  pressure	  variations	  occurring	  in	  the	  device	  during	  its	  operation.	  These	  pressure	  variations	  are	  also	  likely	  to	  be	  behind	  this	  design’s	   failure	  to	  produce	  droplets	  at	  a	   flow	  velocity	  of	  1.5	  mm	  s-­‐1,	  unlike	  the	  simple	  T-­‐junction	  device.	   Such	  problems	  can	  be	   removed	  with	   the	  addition	  of	  ‘drainage’	  channels	   in	  the	  access	  shafts,	  allowing	  any	  trapped	  microbubbles	  to	  escape	   and	   thus	   preventing	   fluctuations	   in	   backpressure	   affecting	   droplet	  formation.	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5.3	  Summary	  
When	  using	  the	  double	  nanopipette	  device,	   investigations	  with	  the	  high	  speed	  camera	   demonstrated	   that	   droplet	   viability	   was	   not	   compromised	   by	   the	  presence	   of	   the	   nanopipettes	   in	   the	  microfluidic	   channel.	   In	   these	   devices	   no	  permanent	   deformation	   of	   the	   droplet	   was	   observed,	   the	   only	   variation	   in	  droplet	   behaviour	   being	   some	   small	   changes	   in	   velocity	   around	   the	   glass	  nanopipettes.	   Droplet	   formation	   in	   the	   double	   nanopipette	   device	   showed	   a	  polydispersity	  3.5	  times	  of	  that	  in	  the	  simple	  T-­‐junction	  device	  at	  Wf	  =	  0.5,	  the	  increase	  due	  to	  small	  air	  bubbles	  trapped	  in	  the	  device	  around	  the	  nanopipettes	  upon	  filling.	  Measurements	   of	   droplet	   length	   both	   optically,	   using	   the	   high	   speed	   camera,	  and	  electrically,	  using	  the	  difference	  in	  resistivity	  between	  the	  aqueous	  and	  oil	  phases,	   were	   in	   excellent	   agreement	   giving	   mean	   droplet	   lengths	   of	  0.45	  ±	  0.03	  mm	   and	   0.43	  ±	  0.03	  mm	   respectively.	   Both	   methods	   were	   also	   in	  excellent	  agreement	  regarding	  the	  frequency	  of	  droplet	  generation	  with	  values	  of	  11.9	  s-­‐1	  and	  12.2	  s-­‐1	  respectively	  for	  optical	  and	  electrical	  methods.	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Electrical	  Detection	  in	  
Microfluidic	  Droplets	  
After	   the	   successful	   electrical	   determination	   of	   droplet	   length	   and	   frequency	  presented	   in	   Chapter	   5,	   the	   next	   logical	   step	   is	   the	   investigation	   of	   their	  contents.	  The	  investigation	  of	  droplet	  contents,	  as	  with	  droplet	  detection	  itself,	  is	  most	   frequently	   undertaken	   using	   fluorescent	   techniques.	   Such	   fluorescent	  techniques	  have	  been	  used	  to	  detect	  the	  bulk	  contents	  of	  droplets,1	  the	  changes	  in	   droplet	   contents	   over	   time2–6	   and	   the	   presence	   of	   individual	   cells	   or	  molecules	  in	  a	  droplet.7–10	  Electrical	  techniques	  for	  the	  measurement	  of	  droplet	  contents	  are	  still	  in	  their	  infancy,	  however.	  Previously,	   electrical	   methods	   have	   been	   used	   to	   detect	   the	   bulk	   contents	   of	  individual	  droplets.	  In	  2006,	  Luo	  et	  al.	  used	  the	  application	  of	  an	  AC	  voltage	  of	  1.8	  V	   peak	   to	   peak	   via	   co-­‐planar	   gold	   electrodes	   to	   detect	   droplet	   ion	  concentrations	   between	   0.02	  mM	   and	   1	  M	   via	   changes	   in	   the	   double	   layer	  polarisation	   impedance.11	   In	   addition,	   the	   presence	   of	   viable	   cells	   within	   a	  droplet	  can	  be	  determined	  using	  impedance	  measurements	  due	  to	  the	  resistive	  effect	   of	   the	   cell	   membrane.12	   However,	   the	   electrochemical	   investigation	   of	  droplet	   contents	   remains	   relatively	   unreported,	   especially	   at	   levels	   more	  detailed	  than	  the	  bulk	  concentration.	  Therefore,	  in	  an	  attempt	  to	  increase	  the	  potential	  for	  electrochemical	  analysis	  of	  microfluidic	  droplets,	  this	  chapter	  firstly	  presents	  the	  investigation	  of	  the	  bulk	  contents	   of	   microfluidic	   droplets	   created	   in	   the	   double	   nanopipette	   device.	  Subsequently,	   an	   electrolyte	   containing	   DNA	   is	   used	   as	   the	   segmented	   phase	  and	  single	  molecule	  translocation	  events,	  due	  to	  the	  movement	  of	  DNA	  from	  the	  droplet	   into	   the	   pipette,	   are	   analysed.	   These	   experiments	   serve	   as	   a	   proof	   of	  principle,	   illustrating	  such	  a	  device’s	  potential	   for	  use	   in	   future	   ‘lab-­‐on-­‐a-­‐chip’	  devices	  requiring	  single	  molecule	  sensitivity.	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6.1	  Electrically	   Investigating	   the	  Bulk	  Content	  of	  
Droplets	  
Before	  conducting	  single	  molecule	  detection	  experiments	  with	  the	  devices,	  the	  bulk	   contents	   of	   microfluidic	   droplets	   were	   investigated	   as	   an	   intermediate	  step.	   In	   these	   experiments	   the	   double	   nanopipette	   devices	   were	   used	   to	  distinguish	  different	  KCl	  buffer	  concentrations	  within	  droplets	  via	  the	  change	  in	  measured	  current.	  6.1.1	  Detection	  of	  Differing	  KCl	  Buffer	  Concentrations	  
Buffer	   solutions	   containing	   10	  mM	   Tris,	   1	  mM	   EDTA	   and	   KCl	   concentrations	  between	  0.05	  and	  2	  M	  were	  introduced	  into	  the	  double	  nanopipette	  devices	  as	  the	  segmented	  phase	  and	  a	  voltage	  of	  500	  mV	  then	  applied	  across	   the	  device.	  Throughout	   these	   experiments,	   the	   glass	   nanopores	  were	   filled	  with	   a	   buffer	  containing	  1	  M	  KCl	  and	  a	  flow	  velocity	  of	  5	  mm	  s-­‐1	  was	  used	  in	  the	  microfluidic	  channel.	  For	  each	  KCl	  molarity,	  data	  was	  obtained	  for	  two	  minutes	  and	  the	  peak	  droplet	   current	   recorded	   and	   plotted.	   After	   data	   collection	   had	   ceased	   the	  device	  was	   flushed	  with	   the	  subsequent	  KCl	  buffer	  solution	  and	  carrier	  oil	   for	  two	  minutes	  to	  remove	  any	  residual	  KCl	  droplets	  from	  the	  device	  and	  ensure	  all	  subsequent	  measurements	  were	  accurate.	  
Figure	  6.1	  shows	  typical	  current	  traces	  for	  KCl	  buffer	  solutions	  of	  0.1	  and	  1.0	  M	  with	  peak	  droplet	  currents	  of	  1.62	  ±	  0.07	  and	  15.84	  ±	  0.04	  nA	  respectively.	  The	  measured	   current	   associated	  with	   the	  passage	  of	   different	  KCl	  molarities	  was	  seen	  to	  decrease	  linearly	  with	  a	  slope	  of	  14.56	  ±	  0.24	  nA	  M-­‐1,	  in	  agreement	  with	  a	  model	  of	  the	  glass	  nanopores	  and	  the	  droplet	  as	  three	  resistors	  in	  series.	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Figure	  6.1.	  	   (a)	   Electrical	   measurement	   of	   droplets	   containing	   0.1	   M	   KCl	   at	   pH	   8.	  (b)	  Electrical	  measurement	  of	  droplets	  containing	  1	  M	  KCl	  at	  pH	  8,	   showing	  an	  increase	   in	   peak	   droplet	   current	   compared	   to	   the	   0.1	  M	   case	   presented	   in	   (a).	  Both	  (a)	  and	  (b)	  taken	  at	  flow	  velocities	  of	  5	  mm	  s-­‐1.	  (c)	  Measured	  peak	  droplet	  currents	   across	   KCl	   concentrations	   from	   0.05	   M	   to	   2	   M.	   Measured	   current	  showed	   a	   linear	   decrease	   with	   KCl	   concentration	   across	   the	   range	   studied.	  Errors	   as	   presented	   are	   the	   standard	   deviation	   of	   the	   mean	   measured	   peak	  droplet	  current	  at	  each	  KCl	  concentration	  across	  five	  devices.13	  6.1.2	   The	   Limits	   of	   Detecting	   the	   Bulk	   Droplet	  Concentration	  
During	  the	  passage	  of	  a	  droplet,	  in	  many,	  but	  not	  all,	  devices	  a	  transient	  spike	  in	  current	  was	  seen	  at	  the	  beginning	  of	  its	  passage	  past	  the	  glass	  nanopores.	  Such	  spikes	  could	  be	  up	  to	  500	  pA	  in	  size	  and	  10	  ms	  in	  length.	  A	  typical	  example	  is	  illustrated	  in	  Figure	  6.2.	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Figure	  6.2.	  	   Trimmed	  current	  time	  trace	  from	  a	  single	  droplet	  of	  1	  M	  KCl	  at	  pH	  8	  showing	  a	  typical	  transient	  spike	  of	  ~500	  pA	  and	  10	  ms	  length.13	  
	  Such	   spikes	   are	   probably	   due	   to	   capacitive	   charging	   of	   the	   interface	   between	  the	  oil	  and	  the	  KCl	  buffer	  solution	  and	  the	   initial	  wetting	  of	   the	  surface	  of	   the	  glass	  nanopore	  by	  the	  droplet.	  Such	  a	  hypothesis	  is	  supported	  by	  the	  time	  scale	  of	   droplet	   piercing	   observed	   in	   some	   experiments.	   Here,	   the	   glass	   nanopores	  are	  seen	  to	  be	  in	  contact	  with	  the	  droplets	  for	  a	  similar	  period	  to	  the	  observed	  current	  peak	  before	  piercing,	  see	  Figure	  6.3.	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Figure	  6.3.	  	   Passage	   of	   a	   droplet	   at	   a	   flow	   velocity	   of	   30	  mm	   s-­‐1	   past	   the	   glass	   nanopores.	  Upon	  contact	  with	  the	  glass	  nanopores	  (b)	  the	  droplet’s	  shape	  can	  be	  seen	  to	  be	  distorted	   just	   in	   front	  of	   the	  nanopores	   (c	   and	  d)	  before	   the	  droplet	   is	  pierced	  and	   the	   distortion	   disappears	   (e).	   The	   timescale	   for	   piercing	   here	   is	   8	  ms,	   the	  same	  timescale	  as	   the	  current	  spike	  seen	  at	   the	  beginning	   for	  droplets	   in	  some	  current	  time	  traces.	  All	  scale	  bars	  100	  µm.13	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The	   size	   of	   the	   transient	   peaks	   observed,	   while	   highly	   consistent	   for	   each	  device,	   varied	   between	   devices	   preventing	   the	   reliable	   determination	   of	   KCl	  buffer	  concentration	  below	  0.05	  M	  when	  they	  became	  of	  the	  same	  order	  as	  the	  expected	   changes	   in	   conductance	  between	  differing	  molarities.	   The	  difference	  in	  magnitude	  between	  the	  transient	  spikes	  can	  be	  explained	  by	  considering	  the	  variation	   of	   pipette	   position	   in	   the	   microfluidic	   channel.	   As	   the	   pipettes	   are	  positioned	  in	  the	  channel	  by	  hand	  there	  is	  some	  variation	  of	  their	  exact	  position	  in	   the	   channel	   and	   hence	   their	   proximity	   to	   the	   channel	   walls	   and	   the	   other	  pipette.	   These	   variations	  will	   lead	   to	   changes	   in	   the	   charging	   of	   the	   interface	  between	  the	  KCl	  buffer	  and	  the	  carrier	  oil	  as	  well	  as	  the	  process	  of	  wetting	  the	  glass	  nanopore	  and	  thus	  the	  size	  and	  length	  of	  the	  transient	  increase	  in	  current.	  
6.2	  The	  Detection	  of	  Single	  Molecules	  
Whilst	   the	   analysis	   of	   bulk	   droplet	   composition	   is	   a	   valuable	   tool,	   single	  molecule	   detection	   is	   required	   to	   fully	   exploit	   the	   ability	   of	   segmented	   flow	  microfluidic	   platforms	   to	   perform	   analysis	   on	   small	   volumes	   without	   the	  clouding	   of	   the	   ensemble	   average.	   As	   such,	   the	   following	   sections	   focus	   on	  translocation	   studies	   involving	   the	   passage	   of	   DNA	   molecules	   from	   within	  microfluidic	   droplets	   through	   the	   glass	   nanopore	   into	   the	   nanopipette,	   as	  diagrammed	   in	   Figure	   6.4,	   as	   a	   proof	   of	   principle	   experiment.	   Overall,	   the	  translocation	  of	  DNA	  from	  within	  a	  droplet	  into	  the	  nanopipette	  was	  recorded	  in	   around	   50	   devices,	   representing	   an	   experimental	   success	   rate	   of	  approximately	  10%.	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Figure	  6.4.	  	   Schematic	   of	   DNA	   translocation	   from	   the	   droplet,	   through	   the	   glass	   nanopore	  and	  into	  the	  nanopipette	  in	  a	  single	  molecule	  experiment.13	  
	  6.2.1	  The	  Experimental	  Set-­‐Up	  
Experiments	   used	   10	   kbp	   double	   stranded	   DNA	   (individual	   fragments	   from	  1kbp	  DNA	   ladder	   obtained	   as	   a	   custom	  order	   from	  New	  England	  Biolabs	   Inc,	  USA)	  diluted	   to	  a	  concentration	  of	  0.5	  pM	   in	  an	  electrolyte	  of	  1	  M	  KCl,	  10	  mM	  Tris	   and	   1	   mM	   EDTA,	   prepared	   as	   described	   in	   Section	   2.5.1.	   This	   DNA	  suspension	  was	   then	  used	  as	   the	   segmented	  phase	   in	  a	   carrier	  oil	   as	  droplets	  were	  created	  in	  the	  double	  nanopipette	  device	  at	  a	  flow	  velocity	  of	  5	  mm	  s-­‐1.	  At	  this	   concentration	  each	  droplet	  was	  calculated	   to	  contain	  ~1300	  molecules	  of	  DNA.	  Electrical	  measurements	  were	  taken	  with	  the	  set-­‐up	  described	   in	  Section	  2.3.	  Translocation	  experiments	  were	  carried	  out	  at	  five	  applied	  voltages:	  600,	  500,	  400,	  300	  and	  200	  mV.	  In	  all	  cases	  droplets	  were	  created	  with	  a	  DNA	  free	  buffer	  solution	   as	   a	   control	   before	   the	  DNA	   suspension	  was	   used	   to	   create	   droplets	  and	  data	  recorded.	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6.2.2	  Translocations	  from	  the	  Droplet	  
Figure	   6.5	   shows	  a	   series	  of	   current	   time	   traces	   for	  both	  droplets	   containing	  the	   control	   solution	   and	   the	   DNA	   suspension,	   the	   latter	   showing	   several	  translocation	  events.	  Such	  translocation	  events	  are	  seen	  as	  characteristic	  drops	  in	   the	  measured	   current	   due	   to	   a	   reduction	   in	   ionic	   flux	   across	   the	   nanopore	  during	  the	  period	  of	  the	  translocation.	  
	  
Figure	  6.5.	   (ai)	  Sequence	  of	   three	  droplets	  containing	  a	  control	  solution	  of	  1M	  KCl,	  10	  mM	  Tris	  and	  1	  mM	  EDTA	  at	  a	   flow	  velocity	  of	  5	  mm	  s-­‐1	  with	  an	  applied	  potential	  of	  500	  mV.	  Expanded	  to	  a	  single	  droplet	  in	  (aii),	  (a.iii)	  compares	  8	  differing	  droplet	  traces,	   none	   of	   which	   show	   translocations.	   (bi)	  Sequence	   of	   three	   droplets	  containing	  a	  0.5	  pM	  10	  kbp	  DNA	  solution	  at	  a	   flow	  velocity	  of	  5	  mm	  s-­‐1	  and	  an	  applied	  potential	  of	  500	  mV.	  (bii)	  Expansion	  to	  a	  single	  droplet	  during	  which	  two	  DNA	  translocations	  can	  be	  seen.	   (biii);	  eight	  droplet	   traces	   from	  using	  the	  DNA	  solution,	  six	  of	  which	  show	  translocations.13	  
	  At	  applied	  voltages	  of	  500	  and	  600	  mV,	  the	  majority	  of	  droplets	  contained	  only	  one	   translocation	  event	  with	  many	  droplets	  containing	  no	  events	  at	  all.	  These	  event	  free	  droplets	  became	  the	  majority	  at	  400	  mV.	  At	  applied	  voltages	  below	  this,	  no	  translocation	  events	  were	  observed	  due	  to	  the	  decreased	  driving	  force	  for	  DNA	  translocation.	  A	  scatter	  plot	  of	  the	  dwell	  time	  and	  decrease	  in	  current	  
Electrical	  Detection	  in	  Microfluidic	  Droplets	  
	  
Chapter	  6	   Page	  132	  
associated	  with	  each	  translocation	  is	  presented	  in	  Figure	  6.6	  for	  translocations	  at	  600,	  500	  and	  400	  mV.	  
	  
Figure	  6.6.	   Scatter	  graph	  of	  current	  decrease	  against	  dwell	  time	  for	  translocations	  at	  applied	  biases	  of	  600,	  500	  and	  400	  mV.	  Translocations	  at	  600	  mV	  are	  presented	  in	  black,	  500	   mV	   in	   red	   and	   400	   mV	   in	   blue.	   All	   translocations	   were	   from	   droplets	  containing	   0.5	   pM	   10	   kbp	  DNA	   in	   a	   pH	   8	   solution	   of	   1M	  KCl,	   10	  mM	  Tris	   and	  1	  mM	  EDTA	  into	  the	  nanopipette	  through	  the	  glass	  nanopore	  at	  a	  flow	  velocity	  of	  5	  mm	  s-­‐1.	  
	  At	  a	  concentration	  of	  0.5	  pM,	  each	  droplet	  contains	  ~1300	  molecules	  of	  DNA.	  As	  such,	   even	   at	   the	   highest	   applied	   voltages,	   the	   measured	   frequency	   of	   DNA	  translocation	  represents	  a	  DNA	  sampling	  efficiency	  of	  ~1.1%	  s-­‐1.	  While	  initially	  this	  efficiency	  may	  appear	  low,	  it	  should	  be	  noted	  that	  this	  occurs	  favourably	  to	  typical	  bulk	  nanopore	  experiments.	  Bulk	   translocation	   measurements	   were	   undertaken	   with	   glass	   nanopores	  fabricated	  using	   the	   same	  protocol	   as	   those	   in	   the	  device,	  with	   typical	   results	  presented	   in	   Figure	  6.7.	   On	   average,	   a	   detection	   efficiency	   of	   0.000005%	   s-­‐1	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was	  achieved	  with	  a	  1	  ml	  sample	  volume,	  ~220,000	  times	  less	  efficient	  than	  the	  droplet	  based	  device	  due	  to	  the	  greater	  volume	  of	  analyte	  required.	  
	  
Figure	  6.7.	  	   Bulk	  translocation	  experiment	  at	  an	  applied	  bias	  of	  500	  mV.	  1007	  translocation	  events	  were	  observed	  in	  a	  1	  minute	  period	  from	  a	  1	  ml	  solution	  of	  0.5	  pM	  DNA,	  giving	  a	  detection	  efficency	  for	  this	  experiment	  of	  0.00000557%	  s-­‐1.13	  
	  6.2.3	  Translocation	  Analysis	  
Translocations	  as	  obtained	  with	   the	  double	  nanopipette	  device	  were	  analysed	  and	   compared	   to	   those	   previously	   reported	   in	   the	   literature.	   Both	   the	   dwell	  time	  and	  the	  excluded	   ionic	  charge	  of	  events	  were	   investigated	  with	  a	  custom	  written	  MatLAB	  script.	  Translocation	  dwell	   times	  were	   obtained	   at	   400,	   500	   and	  600	  mV	   to	  produce	  distributions	  as	  seen	  in	  Figure	  6.8.	  At	  each	  voltage	  results	  were	  amalgamated	  from	   five	   separate	   devices	   to	   form	   the	   final	   distribution.	   Events	   at	   500	   and	  600	  mV	  were	  analysed	  at	  a	  5	  σ	  level	  of	  significance	  whereas	  data	  at	  400	  mV	  was	  analysed	  at	  4	  σ	  due	  to	  a	  higher	  level	  of	  background	  noise.	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Figure	  6.8.	  	   Histograms	  of	  translocation	  dwell	  time	  for	  400,	  500	  and	  600	  mV	  in	  (a),	  (b)	  and	  (c)	  respectively.	  Gaussian	  fits	  of	  the	  histograms	  give	  mean	  dwell	  times	  of	  0.43	  ±	  0.09	  ms	  at	  600	  mV,	  0.55	  ±	  0.07	  ms	  at	  500	  mV	  and	  0.77	  ±	  0.12	  ms	  at	  400	  mV	  as	  presented	  in	  (d).13	  
	  At	   all	   three	   voltages,	   translocation	   times	   exhibited	   a	   Gaussian	   distribution,	  indicating	  a	  high	  friction	  translocation	  regime14	  where	  the	  process	  of	  the	  10	  kbp	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DNA	  uncoiling	  upon	  entry	   into	   the	  nanopore	   slows	   its	   translocation.	  Between	  400	  mV	  and	  600	  mV	  translocation	  dwell	  time	  decreased	  with	  increasing	  voltage	  with	  average	  dwell	  times	  of	  0.43	  ±	  0.09	  ms	  at	  600	  mV,	  0.55	  ±	  0.07	  ms	  at	  500	  mV	  and	  0.77	  ±	  0.12	  ms	  at	  400	  mV	  as	  shown	  in	  Figure	  6.8	  (d).	  This	  decrease	  in	  the	  translocation	  dwell	  time	  with	  increasing	  applied	  voltage	  is	  expected	  and	  can	  be	  explained	   intuitively;	   a	   lower	  voltage	  provides	  a	   smaller	   electrophoretic	   force	  on	   the	   translocating	   DNA,	   thus	   a	   proportionally	   lower	   velocity	   and	   a	   longer	  translocation	  time.	  It	  is	  also	  possible	  to	  compare	  translocation	  data	  to	  the	  literature	  via	  use	  of	  the	  translocation	  speed.	  With	  a	  contour	  length	  of	  3.4	  µm	  for	  10kbp	  DNA,	  at	  500	  mV	  a	  translocation	  speed	  of	  6.2	  mm	  s-­‐1	  is	  measured.	  This	  is	  in	  good	  agreement	  with	  reported	  literature	  values	  of	  10.3	  mm	  s-­‐1	  by	  Steinbock	  et	  al.,15	  10	  mm	  s-­‐1	  by	  Li	  et	  
al.16	   and	   8.2	  mm	  s-­‐1	  by	   Gong	   et	  al.,17	   supporting	   these	   events	   as	   genuine	  DNA	  translocations.	  The	  excluded	  ionic	  charge	  per	  translocation	  event,	  measured	  as	  the	  integrated	  current	  area	  per	  translocation,	  was	  also	  investigated	  via	  MatLAB	  script.	  Data	  for	  translocations	   as	   500	   and	  600	  mV	  was	   analysed	   at	   a	   5	   σ	   level	   of	   significance	  whilst	   translocations	  at	  400	  mV	  were	  analysed	  at	   a	  4	  σ	   level.	  As	   the	  excluded	  ionic	  charge	  depends	  primarily	  on	  the	  cross-­‐sectional	  area	  of	  the	  molecule	  and	  the	  time	  it	  is	  in	  the	  pore,	  measured	  values	  for	  a	  given	  molecule	  are	  expected	  to	  be	  constant	  at	  differing	  applied	  voltages;15	  the	  increase	  in	  blocked	  ionic	  flux	  at	  higher	  voltages	  is	  offset	  by	  a	  decreased	  time	  in	  the	  nanopore.	  The	  excluded	   ionic	   charge	  per	   translocation	  event	   at	  400,	  500	  and	  600	  mV	   is	  presented	   in	   Figure	   6.9.	   The	   integrated	   charge	   for	   the	   10	   kbp	   DNA	   was	  measured	  at	  46.94	  ±	  4.56,	  53.62	  ±	  4.96	  and	  52.54	  ±	  3.79	   fAs	   for	  600,	  500	  and	  400	  mV	  respectively.	  The	  integrated	  charge	  values	  for	  translocations	  at	  500	  and	  400	  mV	   are	   in	   excellent	   agreement	  with	   each	   other,	   and	  whilst	   the	   value	   for	  600	  mV	   differs	   slightly	   it	   is	   still	   within	   experimental	   error.	   It	   should	   also	   be	  noted	   that	   all	   these	  values	   are	   	   of	   the	   same	  order	  of	  magnitude	  as	  previously	  reported	  in	  the	  literature,15,17	  strongly	  supporting	  the	  designation	  of	  the	  events	  as	  true	  translocations.	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Figure	  6.9.	  	   Histograms	  of	  the	  excluded	  ionic	  charge	  per	  translocation	  event	  for	  400,	  500	  and	  600	  mV	   in	   (a),	   (b)	   and	   (c)	   respectively.	   Gaussian	   fits	   of	   the	   integrated	   charge	  histograms	  give	  mean	  values	  of	  52.54	  ±	  3.79	  fAs	  at	  400	  mV,	  53.62	  ±	  4.96	  fAs	  at	  500	  mV	  and	  46.94	  ±	  4.56	  ms	  at	  600	  mV	  as	  presented	  in	  (d).13	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6.3	  Summary	  
To	  investigate	  the	  bulk	  contents	  of	  microdroplets,	  buffered	  KCl	  was	  introduced	  into	  the	  devices	  as	  the	  segmented	  phase	  with	  molarities	  between	  0.05	  and	  2	  M	  and	   a	   voltage	   of	   500	  mV	   applied	   across	   the	   glass	   nanopores.	   The	   current	  measured	  across	   the	  device	  depended	   linearly	  on	  the	  molarity	  of	   the	  buffered	  KCl,	  defined	  with	  a	  slope	  of	  14.56	  ±	  0.24	  nA	  M-­‐1,	  in	  agreement	  with	  a	  model	  of	  the	   glass	  nanopores	   and	   the	  droplet	   as	   three	   resistors	   in	   series.	   This	  was	   the	  case,	   apart	   from	   concentrations	   below	   0.05	  M	  where	   a	   transient	   spike,	   up	   to	  500	  pA	  and	  10	  ms	  in	  length,	  at	  the	  beginning	  of	  the	  droplet’s	  passage	  past	  the	  glass	   nanopores	   obscured	   the	   molarity	   of	   the	   droplet	   itself.	   This	   spike	   is	  probably	   due	   to	   capacitive	   charging	   of	   the	   electrolyte,	   oil	   interface	   and	   the	  wetting	  of	  the	  glass	  nanopores	  themselves,	  as	  supported	  by	  high	  speed	  camera	  footage	   illustrating	   that	   droplet	   piercing	   is	   of	   the	   same	   timescale	   as	   the	  transient	   current	   peak.	   This	   ability	   to	   detect	   the	   bulk	   concentration	   of	   single	  droplets	   in	  a	  high	  throughput	  setting	  is	  a	  fundamental	  step	  to	  the	  detection	  of	  single	  molecules	  from	  within	  the	  droplets.	  	  Subsequently,	   the	   first	   successful	   demonstration	  of	   label	   free,	   single	  molecule	  detection	   from	   a	   segmented	   microfluidic	   flow	   is	   presented.	   Upon	   the	  introduction	  of	  10	  kbp	  DNA	  to	  the	  droplets	  and	  the	  application	  of	  an	  electrical	  bias,	   the	   recorded	   current	   signal	   displayed	   current	   drops	   consistent	   with	  translocation	   data	   previously	   reported	   in	   the	   literature.	   While	   the	   device	  presented	  in	  this	  chapter	  does	  not	  achieve	  the	  detection	  efficiency	  possible	  with	  fluorescence,8	   it	   is	   still	   far	   superior	   in	   this	   respect	   to	   a	   bulk	   nanopore	  measurement	  and	  thus	  offers	  potential	  as	  a	  device	  for	  high	  throughput	  analysis.	  Furthermore,	  the	  single	  molecule	  detection	  offered	  enables	  the	  interrogation	  of	  large	  populations	  and	  the	  reduction	  or	  even	  removal	  of	  the	  ensemble	  average,	  a	  key	  advantage	  in	  a	  wide	  range	  of	  studies.	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Conclusions	  and	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  Work	  
This	   chapter	   presents	   a	   summary	   of	   the	   work	   discussed	   in	   this	   thesis.	   An	  overview	  of	   the	  motivations	   for	   each	   chapter	   is	  presented	  below,	   followed	  by	  individual	  synopses	  of	  the	  contributions	  made	  by	  each	  chapter.	  Finally,	  a	  short	  discussion	  is	  presented	  on	  recommendations	  for	  future	  work.	  
7.1	  Conclusions	  
In	   Chapter	   1,	   the	   motivation	   for	   employing	   single	   molecule	   detection	   was	  presented.	   The	   argument	   that	   the	   removal	   of	   the	   clouding	   of	   the	   ensemble	  average	  is	  a	  significant	  advantage	  in	  a	  wide	  range	  of	  studies	  was	  presented,	  as	  well	   as	   the	   relevance	  of	   such	   technology	   to	  biosensors	  where	   single	  molecule	  techniques	   are	   now	   at	   the	   forefront	   of	   the	   diagnosis	   of	   many	   diseases.	   The	  discussion	  was	   then	  expanded	   to	  methods	  of	  single	  molecule	  detection	  with	  a	  particular	   focus	   on	   electrical	   detection	   via	   nanopore	   technology,	   due	   to	   its	  inherent	   advantages	   over	   the	   most	   commonly	   seen	   fluorescence	   methods	   at	  biologically	  relevant	  concentrations.	  To	  illustrate	  the	  concept	  of	  using	  nanopores	  for	  single	  molecule	  detection	  it	  was	  explained	  that	  a	  nanopore,	  used	  as	  the	  only	  channel	  between	  two	  electrodes	  in	  solution,	   could	   be	   used	   to	   detect	   the	   movement	   of	   single	   molecules	   through	  itself.	  The	  background	  theory	  was	  explained	  such	  that	  the	  passing	  of	  a	  molecule	  through	   the	   pore	   would	   create	   an	   appreciable	   blockage,	   the	   magnitude	  dependent	  on	  the	  molecule’s	  surface	  charge,	  shape	  and	  the	  strength	  of	  the	  ionic	  solution.	  Subsequently,	   current	   approaches	   to	   producing	   such	   nanoscale	   pores	   were	  introduced.	   Biological	   pores	   were	   first	   presented	   and	   the	   prevalence	   of	   α-­‐hemolysin	   discussed,	   along	   with	   the	   advantages	   and	   limitations	   of	   biological	  pores;	   namely	   the	   excellent	   sensitivity	   but	   poor	   stability	   of	   the	   lipid	   bilayer.	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This	   issue	  of	   stability	   can	  be	  overcome	  with	   solid	   state	  nanopores.	  As	   such,	   a	  review	  of	  these	  technologies	  was	  then	  presented,	  including	  planar,	  wafer	  based	  pores	   and	   glass	   nanopores	   fabricated	   by	   pipette	   pulling.	   In	   both	   cases	   this	  review	  focussed	  on	  the	  basic	   technologies	   involved	   in	  pore	   fabrication	  as	  well	  as	   methods	   for	   controlling	   size	   of	   the	   pore	   produced.	   This	   discussion	   of	   the	  modulation	   of	   the	   size	   of	   the	   pores	   progressed	   to	   the	   post	   fabrication	  modification	  of	  the	  pore	  surface	  with	  inorganic,	  metallic,	  organic	  and	  biological	  materials	   and	   the	   benefits	   of	   such	   processes.	   Finally,	   the	   focus	   shifted	   to	   the	  state	  of	  the	  art	  in	  nanopore	  technology,	  in	  terms	  of	  what	  has	  been	  achieved	  and	  their	  potential	  in	  future	  analytical	  devices.	  
Chapter	  1	  continued	  with	  the	  argument	  that	  although	  the	  electrical	  detection	  of	  single	  molecules	  was	   clearly	   a	   very	   powerful	   analytical	   tool,	   such	   technology	  must	   be	   packaged	   in	   a	   reliable,	   robust	   device	   before	   it	   becomes	  widely	   used	  outside	  of	  specialist	  laboratories.	  Microfluidic	  devices	  were	  then	  presented	  as	  a	  potential	  means	  of	  providing	  this	  packaging.	  An	   overview	   of	   microfluidic	   technologies	   followed,	   including	   the	   advantages	  and	  disadvantages	   of	   common	   routes	   of	   fabrication.	   The	   fabrication	   route	   for	  PDMS	  devices	  via	  soft	  lithography	  was	  highlighted	  before	  the	  problems	  of	  large	  surface	   area	   to	   volume	   ratios	   in	   such	   devices	   were	   presented.	   Droplet	  microfluidics	   was	   then	   introduced	   as	   a	   solution	   to	   these	   problems	   of	  device/analyte	   interaction	   and	   non-­‐specific	   adsorption	   leading	   to	   an	   in-­‐depth	  review	  of	   the	  process	  of	  droplet	  creation	   in	  both	   flow	  focusing	  and	  T-­‐junction	  devices.	   The	   additional	   analytical	   potential	   offered	   by	   post	   formation	   droplet	  manipulation,	   including	   concentration	   modification	   and	   droplet	   sorting	   was	  then	  highlighted	  along	  with	  possibilities	  for	  droplet	  trapping.	  As	  such,	  the	  interrogation	  of	  microfluidic	  droplets	  was	  presented	  as	  a	  valuable	  analytical	   tool	   that	   has	   so	   far	   received	   little	   attention	   in	   the	   literature.	   The	  fabrication	  of	  such	  a	  device	  then	  became	  the	  main	  focus	  of	  this	  thesis,	  aiming	  to	  combine	  the	  high	  sensitivity,	  label	  free	  detection	  of	  the	  nanopore	  platform	  with	  the	   inherent	   benefits	   of	   the	   ‘isolated	   microreactor’	   status	   of	   microfluidic	  droplets.	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Chapter	   2	   focused	   upon	   the	   presentation	   of	   general	   fabrication	   and	  experimental	   techniques	   used	   throughout	   the	   thesis.	   The	   fabrication	   of	  nanopipettes	  and	  the	  microfluidic	  device	  was	  paid	  particular	  attention,	  as	  was	  the	  integration	  of	  the	  pipettes	  into	  the	  microfluidic	  channel.	  Section	  2.3	  focused	  on	   the	   general	   electrical	   set-­‐up	   used	   throughout	   the	   thesis,	   with	  Section	   2.4	  centred	  on	  the	  use	  of	  syringe	  pumps	  to	  provide	  the	  microfluidic	  flows	  and	  the	  use	  of	  a	  high	  speed	  camera	  to	  image	  droplet	  passage.	  Section	  2.5	  then	  detailed	  the	  production	  of	  the	  fluorinated	  oil	  and	  buffered	  KCl	  solutions	  used	  to	  create	  the	  segmented	  flows.	  The	   effect	   of	   flow	   velocity	   and	   water	   fraction	   on	   droplet	   length	   started	   the	  discussion	   in	   Chapter	   3.	   Results	   using	   a	   simple	   T-­‐junction	   device	   were	   in	  excellent	   agreement	   with	   literature;	   droplet	   length	   was	   found	   to	   be	   linearly	  dependent	   on	   the	   water	   fraction	   and	   independent	   of	   flow	   velocity.	   Droplet	  monodispersity	  was	  found	  to	  decrease	  as	  the	  flow	  velocity	  decreased	  and	  at	  the	  extremes	  of	  the	  experimental	  water	  fraction	  range.	  Droplets	  created	  at	  a	  water	  fraction	  of	  0.5	  proved	  to	  be	  the	  most	  monodisperse,	  with	  a	  mean	  polydispersity	  of	  1.9	  ±	  0.8	  %	  across	  all	  flow	  velocities.	  
Chapter	   3	   then	   focused	  on	   the	   creation	  of	  droplets	   from	  a	  pipette	   integrated	  into	   a	   microfluidic	   channel.	   Pipettes	   with	   a	   calculated	   diameter	   of	  2.56	  ±	  0.12µm	  were	  fabricated	  by	  pipette	  pulling,	  integrated	  into	  a	  microfluidic	  device	   then	   used	   to	   form	   aqueous	   droplets	   in	   oil	   flows	   between	   3	   and	  830	  mm	  s-­‐1.	   The	   volume	   of	   the	   droplets	   produced	   was	   found	   to	   be	   highly	  dependent	   on	   the	   flow	   velocity	   in	   the	  microfluidic	   channel,	   decreasing	   as	   the	  flow	   rate	   increased.	   Droplets	   produced	   at	   the	   highest	   flow	   rate,	   830	  mm	  s-­‐1,	  were	   ~4200	   times	   smaller	   than	   the	   largest	   droplets	   produced	   in	   the	   device.	  Droplets	  produced	  at	  any	  given	  flow	  velocity	  displayed	  a	  Gaussian	  distribution	  in	   their	   radius	   with	   an	   average	   polydispersity	   index	   of	   5.9%,	   above	   that	  achieved	  with	  the	  simple	  T-­‐junction	  device.	  The	  rate	  of	  droplet	  production	  was	  also	  measured,	  with	  the	  highest	  frequency	  achieved	  280	  Hz	  at	  a	  flow	  velocity	  of	  830	  mm	  s-­‐1.	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Whilst	  the	  device	  presented	  in	  Chapter	  3	  has	  been	  surpassed	  in	  the	  literature	  in	  terms	  of	  producing	  droplets	  of	  the	  smallest	  size,	  at	  the	  highest	  frequency	  and	  with	   the	   greatest	   monodispersity,	   integrated	   pipettes	   are	   a	   viable	   method	   of	  droplet	  production	  in	  a	  microfluidic	  device.	  The	  advantage	  of	  such	  a	  system	  is	  its	  versatility;	  no	  other	  system	  can	  create	  such	  a	  wide	  variety	  of	  droplet	  sizes	  on	  demand.	   While	   the	   full	   capabilities	   of	   the	   device	   have	   not	   been	   explored,	  droplets	  with	  volumes	  that	  differ	  by	  more	  than	  three	  orders	  of	  magnitude	  have	  already	  been	  created.	  
Chapter	   4	   discussed	   the	   characterisation	   and	   modification	   of	   individual	  nanopipettes	   and	   the	   characterisation	   of	   the	   double	   nanopipette	   device.	   The	  diameter	  of	  the	  glass	  nanopore	  was	  calculated	  from	  conductance	  measurements	  and	  measured	   from	  SEM	   images,	   both	  methods	  producing	   results	   in	   excellent	  agreement	   with	   one	   another.	   Both	   methods	   were	   again	   used	   to	   confirm	   the	  successful	  fabrication	  of	  the	  double	  nanopipette	  device.	  Glass	   nanopores	   with	   diameters	   below	   20	  nm	   were	   obtained	   via	   the	  modification	  of	  nanopipettes	  with	  atomic	  layer	  deposition	  of	  Al2O3.	  This	  process	  was	  successfully	  used	  to	  reduce	  the	  diameter	  of	  the	  glass	  nanopores,	  albeit	  with	  an	  unexpected,	  concomitant	  increase	  in	  electrical	  noise.	  As	  such,	  the	  amount	  of	  Al2O3	  required	  to	  fabricate	  the	  smallest	  pore	  sizes	  was	  reduced	  by	  performing	  the	   deposition	   on	   unmodified	   nanopipettes	   with	   smaller	   glass	   nanopores.	  Thereafter,	  sub-­‐nanometre	  pores	  were	  fabricated	  with	  noise	  levels	  low	  enough	  to	  allow	  for	  the	  electrical	  detection	  of	  single	  molecules.	  In	  Chapter	  5,	  use	  of	  the	  high	  speed	  camera	  demonstrated	  that	  droplet	  viability	  in	  the	  double	  nanopipette	  device	  was	  not	  compromised	  by	  the	  nanopipettes	  in	  the	   microfluidic	   channel.	   No	   permanent	   deformation	   of	   the	   droplet	   was	  observed,	  with	  the	  only	  changes	  in	  droplet	  behaviour	  being	  small	  deviations	  in	  velocity	   around	   the	   nanopipettes.	   Droplet	   polydispersity	   in	   the	   double	  nanopipette	  device	  was	  3.5	   times	  higher	   than	   in	   the	  simple	  T-­‐junction	  device,	  presented	  in	  Section	  3.2,	  at	  a	  water	  fraction	  of	  0.5.	  This	  observation	  is	  probably	  due	  to	  small	  air	  bubbles	  trapped	  in	  the	  device	  around	  the	  nanopipettes,	  causing	  pressure	  fluctuations	  and	  thus	  small	  changes	  in	  droplet	  size.	  Measurements	  of	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droplet	   length	   and	   frequency	   measured	   electrically	   with	   the	   device	   were	   in	  excellent	  agreement	  with	  optical	  controls,	  demonstrating	  the	  device’s	  ability	  to	  reliably	  detect	  and	  physically	  characterise	  individual	  droplets.	  
Chapter	  6	  initially	  focused	  on	  the	  detection	  of	  bulk	  droplet	  concentration	  using	  the	   double	   nanopipette	   device,	   a	   key	   stepping	   stone	   to	   the	   single	   molecule	  analysis	  of	  droplets.	  Using	  a	  voltage	  of	  500	  mV,	  KCl	  molarities	  between	  0.05	  and	  2	  M	  could	  be	  distinguished.	  The	  current	  measured	  across	  the	  device	  depended	  linearly	   on	   the	   molarity	   of	   the	   buffered	   KCl,	   defined	   with	   a	   slope	   of	   14.56	  ±	  0.24	  nA	  M-­‐1,	  in	  agreement	  with	  a	  model	  of	  the	  glass	  nanopores	  and	  the	  droplet	  as	   three	   resistors	   in	   series.	   Below	  0.05	  M	  however,	   a	   transient	   spike	   of	   up	   to	  500	  pA	  and	  10	  ms	   in	   length	  at	   the	  beginning	  of	   the	  droplet’s	  passage	  past	   the	  glass	  nanopores	  obscured	  the	  molarity	  of	  the	  droplet	  itself.	  This	  transient	  spike	  is	  probably	  due	  to	  the	  capacitive	  charging	  of	  the	  electrolyte,	  oil	  interface	  and	  the	  wetting	  of	  the	  nanopores	  themselves,	  supported	  by	  high	  speed	  camera	  footage	  illustrating	  droplet	  piercing	  is	  of	  the	  same	  timescale	  as	  the	  current	  spike.	  
Chapter	   6	   also	   includes	   the	   first	   detection	   of	   single	   molecule	   translocation	  events	  from	  a	  segmented	  flow	  microfluidic	  device.	  10	  kbp	  DNA	  was	  introduced	  into	  buffered	  1	  M	  KCl	  at	  a	  concentration	  of	  0.5	  pM	  and	  current	  drops	  typical	  of	  translocation	  events	  were	  seen	  at	  voltages	  between	  600	  and	  400	  mV.	  Observed	  translocation	   events	   had	   dwell	   times	   and	   integrated	   charge	   values	   in	   good	  agreement	  with	   those	  previously	  measured	   in	  similar	  devices	   in	   the	   literature	  and	  behaved	  as	  expected	  across	  the	  range	  of	  experimental	  voltages;	  dwell	  time	  decreased	   with	   increasing	   voltage	   whilst	   the	   integrated	   charge	   remained	  broadly	  constant.	  The	  measured	  detection	  efficiency	  was	  not	  as	  high	  as	  possible	  with	   fluorescent	  methods	   but	   was	   still	   ~220,000	   times	   as	   efficient	   as	   a	   bulk	  translocation	  experiment.	  
7.2	  Future	  Work	  
Future	  work	  regarding	   the	  droplet	  generation	  device	  detailed	   in	  Chapter	   3	   is	  clear.	   As	   it	   stands,	   the	   device’s	   limits	   have	   not	   been	   fully	   investigated	   and	   as	  such	   this	   is	   a	   first	   priority.	   An	   experimental	   set	   up	   capable	   of	   extending	   the	  range	   of	   flow	   velocities	   across	   which	   droplet	   generation	   can	   be	   measured	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should	  be	  employed	  to	  find	  the	  device’s	  limits	  in	  terms	  of	  the	  minimum	  droplet	  volume	   and	   the	   maximum	   generation	   frequency.	   Once	   this	   has	   been	  undertaken,	  a	  more	  accurate	  comparison	  of	  the	  device’s	  capabilities	  compared	  to	   those	   presented	   in	   the	   literature	   can	   be	   made	   and	   droplet	   generation	  optimised	   by	   tuning	   the	   diameter	   of	   the	   glass	   pore	   and	   the	   flow	   rates	   in	   the	  device.	  Future	  work	  with	  similar	  devices	  should	  also	  include	  the	  formation	  of	  droplets	  that	  contain	  a	  well-­‐defined	  number	  of	  molecule	  and	  their	  subsequent	  analysis.	  Techniques	  for	  encapsulating	  a	  given	  number	  of	  molecules	  per	  droplet	  are	  well	  known,1	  the	  challenge	  here	  is	  the	  localisation,	  modification	  and	  measurement	  of	  droplets	   of	   vastly	   different	   sizes	   from	   a	   fast	  moving	  microfluidic	   flow.	   Such	   a	  technology	  could	  be	  combined	  with	  existing	  microdroplet	  techniques	  to	  enable	  new,	   high	   throughput	   experiments;	   the	   analysis	   of	   kinetics	   involving	  concentrations	   from	   the	   single	   molecule	   to	   the	   physiological	   for	   example.	  Finally,	   the	   creating	   of	   droplets	   using	   electroosmotic	   flow	   and	   a	   double	  barrelled	   nanopipette	   could	   be	   explored	   as	   a	  means	   of	   achieving	   yet	   smaller	  droplet	  volumes.2	  Future	   investigations	   involving	   the	   sub-­‐nanometre	  glass	  nanopores	  presented	  in	   Chapter	   4	   should	   at	   first	   focus	   on	   increasing	   the	   quality	   of	   the	   Al2O3	  deposition.	   The	   removal	   of	   the	   surface	   roughness	   currently	   observed	   should	  enable	  more	  accurate	  reductions	  in	  the	  pore	  diameter	  and	  remove	  the	  observed	  increase	   in	  electrical	  noise.	   If	   the	  coating	   is	   improved	   to	  a	   sufficient	  quality,	   a	  reduction	   in	  electrical	  noise	  may	  also	  be	  possible	  due	  to	  a	  reduction	   in	   flicker	  and	   capacitive	   noise.3	   After	   the	   optimisation	   of	   the	   atomic	   layer	   deposition	  process,	  the	  possibilities	  for	  the	  detection	  of	  small	  molecules,	  such	  as	  proteins,	  with	   the	  modified	   pores	   should	   be	   investigated	   due	   to	   the	   excellent	   signal	   to	  noise	  ratio	  they	  would	  be	  expected	  to	  possess.4	  Finally,	  the	  deposition	  of	  other	  materials	   to	   tune	   the	   properties	   of	   the	   nanopipette’s	   surface	   should	   be	  considered;	  for	  example	  the	  deposition	  of	  TiO2	  to	  increase	  the	  hydrophilicity	  of	  the	  nanopipette	  and	  improve	  its	  wetting	  properties.5,6	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In	   future	  work,	   the	  double	  nanopipette	  device	  presented	   in	  Chapters	   5	  and	  6	  could	   be	   used	   in	   two	   conceptually	   different	   ways.	   At	   higher	   analyte	  concentrations	  and	  with	  sufficiently	  long	  analysis	  times,	  the	  double	  nanopipette	  device	  could	  be	  used	  to	  analyse	  the	  contents	  of	  individual	  droplets,	  i.e.,	  with	  the	  pipettes	   as	   traditional	   nanopore	   sensors.	   The	   operation	   of	   the	   device	   in	   this	  manner	  requires	  the	  translocations	   in	  each	  droplet	  to	  be	  numerous	  enough	  to	  allow	  statistically	   significant	   conclusions	   to	  be	  drawn	   from	   the	  data	  obtained.	  	  The	  number	  of	  translocation	  events	  per	  droplet	  is	  affected	  by	  the	  velocity	  of	  the	  fluid	   flow	   and	   the	   translocation	   characteristics	   of	   the	   nanopore	   and	   analyte.	  Thus,	   to	   increase	   the	   number	   of	   translocations	   per	   droplet	   several	   different	  approaches	  are	  possible.	  Firstly,	   the	  residence	   time	  of	   the	  droplets	   in	   the	  double	  nanopipette	  structure	  can	  be	   increased.	  This	   is	  most	   easily	   achieved	  by	   slowing	   the	   flow	  velocity	   at	  which	   droplets	   are	   created,	   although	   other	   approaches	   such	   as	   the	   passive	  trapping	  of	  droplets	  using	  structures	  in	  the	  channel	  and	  the	  fluid	  flow	  itself	  are	  possible.7,8	  The	  residence	  time	  in	  the	  double	  nanopipette	  structure	  could	  also	  be	  effectively	  increased	  by	  the	  use	  of	  a	  multiplexed	  cascade	  of	  nanopipettes	  along	  the	  microfluidic	  channel.9	  When	  considering	  the	  translocation	  characteristics	  of	  the	  pore	  and	  the	  analyte,	  the	   situation	   is	  more	   complex.	   For	   10	  kbp	  DNA	   the	   translocation	   capture	   rate	  depends	  on	  the	  applied	  voltage,	  the	  salt	  concentration	  across	  the	  pore	  and	  the	  DNA	  concentration.10	  Whilst	  the	  capture	  rate	  shows	  a	  strong	  dependence	  on	  the	  applied	  voltage,	  the	  scope	  for	  increasing	  the	  translocation	  rate	  via	  an	  increase	  in	  bias	  is	  limited;	  large	  applied	  voltages	  result	  in	  short	  translocation	  times	  that	  are	  difficult	  to	  analyse.	  The	  effect	  of	  a	  salt	  gradient	  across	  the	  nanopore	  will	  also	  be	  relatively	   small,	   leaving	   increasing	   the	   concentration	   of	   the	   analyte	   in	   the	  droplet	  and	  the	  droplet’s	  residence	  time	  the	  most	  effective	  means	  of	  increasing	  the	  translocation	  frequency.	  Other	   than	   the	  analysis	  of	  droplet	   contents,	   a	   second	  way	  of	  using	   the	  double	  nanopipette	   device	   is	   the	   extraction	   or	   injection	   of	   individual	   molecules	   or	  small	   populations	   of	   molecules	   from	   or	   into	   each	   droplet.	   Such	   experiments	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